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Geotechnical structures built in the offshore environment, such as offshore wind turbines 
(OWTs), are invariably subjected to millions of complex and irregular loading cycles 
during the design life. OWTs are subjected to continuous cyclic loading originating from 
both environmental (wind and wave) and operational sources (rotors dynamics), having 
variable frequencies, amplitudes and loading directions. Such loads are transferred to and 
resisted by the soil surrounding the foundation, but the eventual changes of mechanical 
properties of the soil during the application of such high-cyclic loading is still not 
understood. Changes in soil stiffness properties, possibly related to soil fatigue effects, may 
compromise the serviceability of the OWTs (progressive accumulation of deformation or 
tilting). OWTS are also dynamically sensitive structures and changes in soil stiffness may 
shift the system excitations towards the structural resonance frequencies leading to a 
dangerous amplification of the dynamic loads. 
Therefore, for the first time, the present research aims to shed some light on the evolution 
of quasi-elastic soil properties under a very large number (up to 105) complex multiaxial 
loading cycles of small amplitude, typically experienced by the soil surrounding monopile 
foundations of OWTs. Through three-dimensional finite element analysis of a monopile 
foundation subjected to horizontal load, typical stress paths experienced by soil element 
around the OWT foundation have been studied. The complex multiaxial nature of the stress 
paths has been revealed and it has informed and directed the high-cyclic, multiaxial loading 
soil element experimental program.  
Due to the multiaxial nature of the stress paths, the Hollow Cylinder Torsional Apparatus 
(HCTA), offering four degrees of freedom in stress control and capable to reproduce 
generalised multi-axial stress conditions, has been employed. The HCTA was equipped 
with a complex local strain measurement system, composed of six non-contact 
displacement transducers (0.1 μm resolution) which obtained an accurate estimation of 
Young’s and Shear moduli at very small strain levels and captured their evolution during 
the application of a large number of cyclic loading.  
The experimental tests have shown that the long-term application of multiaxial loading 
cycles in a stress direction different from the preloading (thus implying rotation of principal 
stress axis during cyclic loading) can lead to a decrease of quasi-elastic properties of the 
material. The amount and rate of degradation was found to be dependent on the amplitude 
and direction of cyclic loading, and on the average stress level. A stable value of quasi-
elastic properties was found to be after reach around 1.5-2·104 cycles although this may be 
also affected by the relationship between the pre-cycle and cycle loading directions. 
Unavoidable and unplanned interruptions of the hydraulic supply for the loading system 
periodically imposed large unloading-reloading cycles on the sample. A tendency to 
temporarily recover the value initial stiffness (or even a slightly higher value of stiffness) 
before the application of the loading cycles has been recorded. However, further application 
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The European Parliament in late 2008 adopted the ‘Energy and climate change’ plan proposed by 
the EU member states to fight against global warming. The also called ‘2020’ plan, set the key 
strategies to reduce by 2020, the emissions of greenhouse gases by 20%, increase the energy 
efficiency by 20% and to reach 20% of renewables in the total domestic energy consumption (EU 
2008). In recent years, EU members re-shaped their electricity network in order to slow the global 
climate change whilst ensuring the future of the energy supply and minimising the reliance on 
energy imports.  
The UK puts offshore wind energy at the forefront of this expansion and recently became the 
leader in the European market accounting for more than half (53%) of the new offshore wind 
power capacity built in 2017 (Vaughan 2018). Offshore wind turbines (OWT) are mainly 
supported on driven monopile foundations (Lombardi et al. 2013), designed to sustain the turbine, 
resist to severe environmental conditions and transfer the load safely to the surrounding soil.  
The geotechnical design of the OWT foundation offered a new set of challenges given by the 
combination of significant moments and lateral loads from the load on the superstructure. 
Furthermore, during their design lives, OWT monopiles are subjected to millions of cyclic loading 
(>108) arising from wind, sea waves, rotor dynamics (known as 1P) and blade passing effects (2P 
or 3P). Each contribution is unique in terms of magnitude, frequency and number of cycles and, 
in addition, three-directional by nature (Nikitas et al. 2016; Adhikari & Bhattacharya 2011). The 
serviceability state of OWT monopiles is still uncertain as the long-term response of the ground 
around the monopile shaft is not yet well-understood. Many authors (Bhattacharya et al. 2011; 
Achmus et al. 2009; Lombardi et al. 2013; Leblanc et al. 2010; Carswell et al. 2016; Doherty & 
Gavin 2012; Arshad & O’Kelly 2016; among others) raised the issue of fatigue damage caused 
by an accumulation of pile head rotation under the application a large number of lateral loads and 
overturning moments. On the other hand, OWT are dynamically sensitive structures and their 
natural frequency response rely heavily on the stiffness of the soil surrounding the foundation. A 
deterioration of the soil stiffness under the prolonged action of cyclic loadings may shift the 
system excitations towards the structural resonance frequencies leading to a dangerous 
amplification of the dynamic loads which could jeopardize the serviceability of the turbine.   
Chapter 1: INTRODUCTION 
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The current tendency in offshore wind energy is to employ cost-effective turbines, therefore, 
installing larger monopiles in order to reach deeper seas and windier region further away from 
the shorelines. As the serviceability of these structures is strictly linked with the performance of 
the soil foundation, an accurate prediction of soil behaviour under repeated loading conditions is 
fundamental. Reproducing the load regime experienced on site will be beneficial in order to 
increase the accuracy of the predictions. 
The study presented in this dissertation consists in an extensive experimental testing on the effects 
of a large number of small loading cycles on the quasi-elastic properties of granular soils. The 
investigation is performed using an intricate state-of-the-art equipment for soil investigation, 
namely Hollow Cylinder Torsional Apparatus (HCTA). A preliminary three-dimensional FE 
analysis was produced to support the testing strategy adopted. The model simulated a laterally 
loaded monopile of a large diameter embedded in sand. The experimental design mimicked the 
multi-directional stress paths typical of a soil element located nearby the pile shaft. The HCTA 
apparatus was also equipped with a complex strain measurement system to capture the evolution 
of the small strain (10-3) stiffness of the material during the application of a large number of cyclic 
loading.  
1.2 OBJECTIVES 
The aim of the project is to model, numerically and experimentally, the behaviour of granular soil 
surrounding monopile wind turbine foundations.  The investigation of the evolution of the small-
strain (quasi elastic) stiffness of soil under a very large number of cyclic loads, typically 
experienced by soil elements around a monopile foundation over the design life of a wind turbine, 
is of particular interest. 
Therefore, the key objectives of this thesis are: 
 To develop a three-dimensional finite element (FE) model able to simulate the behaviour 
of  a monopile offshore wind foundation during pile installation and combined axial and 
lateral loading tests; 
 To investigate, through FE analysis, the multiaxial (six-dimensional) stress paths for 
several elements around the monopile foundation of OWT and understand how the stress 
paths differ for varying depth, distance and orientation of the soil elements from the pile; 
 To understand which element testing apparatus could be employed to satisfactorily 
mimick the stress paths experienced by various elements around the monopile 
foundations under axial and lateral loading; 




 To investigate the behaviour of granular soils under  a very large number of small 
amplitude multiaxial cyclic loads comparable to those experienced by different soil 
elements around a monopile foundation for the entire design life of a wind turbine (about 
25 years); 
1.3 OUTLINE 
This thesis is divided into eight chapters. The current one provides a general introduction to the 
topic and the motivation to undertake this research study.  
Chapter 2 presents the background of the wind energy market followed by the fundamental 
geotechnical aspect in designing monopile foundations. The chapter also includes a review of the 
main contribution in the literature regarding the experimental testing (full-scale measurements, 
physical and centrifuge models or soil element testing) and the numerical prediction on 
performances of monopile foundation. 
Chapter 3 presents a 3-D finite element model of a laterally loaded monopile driven in sand. 
Results help to understand the typical soil element’s stress paths induced by horizontal loads 
applied on top a large diameter monopile. 
Chapter 4 gives a description of the HCTA, its main principles and its ancillary instrumentation. 
A short overview of the apparatus limitations is provided. Details on the local measurement 
system employed to accurately measure the elastic properties of the tested granular soil are also 
presented together with a thorough assessment of its accuracy.  
Chapter 5 describes the procedure followed to produce hollow cylinder samples, saturation, 
consolidation, monotonic and cyclic loading stage. The testing strategy adopted is presented at 
the end of the chapter. 
Chapter 6 gathers the results of the first phase of the testing programme: the short-term cyclic 
investigation (i.e. “Phase 1”). The influence of pre-consolidation and cyclic loading direction is 
investigated and the small strain stiffness evolution throughout the experimental tests is reported. 
Chapter 7 presents the results of the long-term cyclic investigation (i.e. ‘Phase 2’). Creep duration, 
cyclic load amplitude, direction and frequency were varied in order to assess their impact on the 
quasi-elastic properties of the Hostun sand after the application of a large number of cyclic loading 
(more than half million cycles). 
Chapter 8 gives a summary and conclusions of this research, with the limitations and suggestions 
for future work. 








2 LITERATURE REVIEW 
This chapter presents a general overview of the technical offshore wind turbines including a 
detailed revision of the geotechnical design of monopile foundation. The current design 
methodologies lack in addressing some critical issues due to the potential effect of long-term 
application of cyclic loading. Modern projects also brought different challenges (i.e. larger pile 
diameters) and design guidelines are required to adjust accordingly.  
The last section reviews the methods of investigation for soils surrounding the embedded part of 
these structures. Full-size scale modelling, physical testing and numerical analysis are reviewed, 
particular focus is devoted on analysing the previous experimental research works conducted on 
soil element. A review of the laboratory tests dedicated to the investigation of the effect governing 
the long-term cyclic behaviour on sand surrounding OWT monopiles is also included. 
2.1  OFFSHORE WIND TURBINES 
 Offshore wind energy industry 
The world-wide energy industry has considerably changed in the last few decades, switching to a 
mix-portfolio of renewable energy sources in order to reduce the global emission of CO2 in the 
atmosphere. Within renewable energy technologies, wind energy is one of the most promising 
and fastest-developing energy sources around the world, and it registered the highest growth 
during recent years (Figure 2-1).  




Figure 2-1 Worldwide wind energy capacity and annual additions from 2006 to 2016 (REN21 2017). 
The overall energy capacity is divided between onshore and offshore installations. On land, wind 
has usually moderate intensity, but certain regions still offer potential location for very large wind 
farms (i.e. Gansu Wind Farm Project in China according to Green & Vasilakos (2011)). In the 
offshore environment, the wind is typically characterised by higher and steadier velocities. This 
means that wind turbines optimized for the most common wind speed over the sea will provide a 
much higher efficiency if compared to similarly optimized turbines onshore (Volker et al. 2017). 
There is also an element related to the operational noise as well as visual pollution which make 
the onshore solution less appealing than the offshore one (Bassi & Hicks 2012).  
At present, the Worldwide installed offshore wind power capacity is higher than 14GW and, 
according to the Global Wind Energy Council (GWEC 2016), almost 90%  of this capacity is 
located in European waters. The UK leads the offshore wind market accounting for more than a 
third of the installed capacity, followed by Germany and China with 29% and 11% share of the 
industry, respectively (GWEC 2016). 
Despite having higher costs than for other renewable power generation technologies, the offshore 
wind electricity recently experienced an unprecedented drop in price, becoming cheaper than 
nuclear power for the first time in 2017 (Harrabin 2017). The main reasons are related to 
innovation, competition and increases in turbine efficiency. For example, Offshore Wind 
Turbines (OWT) are scaling up in terms of size and power rate (Figure 2-2): larger projects using 
bigger turbines will make this technology 70% cheaper by 2040 (Bloomberg New Energy Finance 
2017).  





Figure 2-2 Evolution of wind turbine heights and outcome (Bloomberg New Energy Finance 2017). 
 Types of foundation  
Approximately 25 to 35 % of the development cost of offshore wind power production is 
dedicated to their foundations (Byrne & Houlsby 2003). The foundation choice depends on the 
site conditions (water depth, seabed characteristics), operative conditions (size of the turbine, 
loading characteristics, maintenance and access), available construction technologies (transport 
and installation), and importantly, economic costs (Bhattacharya et al. 2017). The range of 
foundation solutions implemented over the past two decades is presented in Figure 2-3 and briefly 
described below. 
 
Figure 2-3 Typical offshore wind turbine foundations: (a) gravity bases foundation, (b) monopile, (c) jacket 









This shallow foundation (Figure 2-3a) consists of a heavy prefabricated concrete structure, laid 
down on the seabed, which relies on its heavy deadweight to contrast the overturning moment 
acting on the turbine. This solution was adopted for the Vindeby project, the world first offshore 
wind farm, in Denmark. This Danish wind farm, now decommissioned, used gravity bases as the 
foundation for their 11 wind turbines, because of the shallow condition offered on site (water 
depth ranging between 2-4 m). Gravity bases only rely on the superficial seabed condition. The 
potential failure mode depends on the bearing capacity of the seabed or excessive settlement 
(O’Kelly & Arshad 2016).   
Pile tripods/tripile 
These support structures use three relatively small steel piles (Figure 2-3d) or suction caissons 
(Figure 2-3e) to each corner of the tripod to anchor on the seabed. Despite being lighter than 
gravity bases, they are capable of providing greater stiffness and lateral stability. Tripods can also 
reach deeper water (up to 50 meters) but large vessels are required for their transportation and 
installation.  
Pile jackets 
These are structures made of steel beams welded together which offer low resistance to the wave 
load and large overturning capacity thanks to the slim frame of the body and a wide base structure 
(Figure 2-3c). The foundation is moored to the ground with either open-ended piles driven into 
the pile sleeves or suctions caissons. This technology is well suited for water depth from 20 to 50 
meters. 
Floating OWT 
This solution (Figure 2-3f) is still under development but it can be potentially adopted on any 
seabed. It will also offer cheaper transport, installation, maintenance and decommission than any 
other bottom-fixed concept. Each unit can be built on land or on sheltered water then towed and 
positioned in the preinstalled mooring. As proposed in the offshore oil industry, floating systems 
using the concepts of TLP will likely be developed (Haigh 2014) especially in locations which 
possess steep coastlines (i.e. Japan, USA, New Zealand, Norway).  
Research and development projects on this type of structures are undergoing. Only a few projects, 
still at early stage of their deployment, are active at the moment. Floating platform for wind 
turbines will probably represent the future of this market and will impose many new interesting 
design challenges.  





Monopiles (Figure 2-3b) are by far the most common support structure in the offshore wind 
industry, representing the 75% of the completed wind farm developments (Gavin et al. 2011). 
These substructures consist of steel hollow cylindrical tubes with diameter ranging from 3 to 8m 
which can be installed in water depth from 0 to 30 meters. The success of this solution is based 
on the cost-effectiveness due to the simple geometry which can be easily manufactured in series, 
transported on site with special vessels and installed within 24 hours (Malhorta 2011). The 
installation procedure consists in erecting the pile upright, lowering it on the seabed and driving 
it using a hammer place on the monopile’s top until it reaches the required depth.  
Loads acting on the support structure will produce a large bending moment and horizontal forces 
on top of the monopile, so the design should count on the horizontal earth pressure mobilised 
alongside the embedded length. Conversely for pile jackets, multi-pile/multi-caisson foundations 
and anchored structures the axial resistance may be most important (Jardine et al. 2012).  
 Loads on the turbine  
The loads on the offshore wind turbine structure origin from three main sources: 
 Environmental:  wind and hydrodynamics actions (wave, current and tidal/swell);   
 Operational: rotation of the blades; 
 Self-weight of the structure. 
The combination of these actions results in a vertical load due to the weight of the whole structure 
and a horizontal force acting on the tower (equivalent to a bending moment applied at seabed). In 
the schematic diagram shown in Figure 2-4 are indicated the main components of a wind turbine 
loading and the resultants acting on its support structure. The foundation, namely the part of the 
support structure that is embedded in the ground below the mudline, is responsible to transfer 
safely the load acting on the support structure and turbine blades to the ground. In this PhD thesis, 
only monopile foundation case will be considered throughout. In this type of structure, the 
overturning moment (M in Figure 2-4) is  usually important and its effect is substantially larger 
than that of the vertical force (V in Figure 2-4): as an order of magnitude, Byrne & Houlsby 
(2003) estimated that, for a 3.5 MW turbine, the environmental load can produce an overturning 
moment of about 120MNm, while the vertical load applied on the foundation could be about 
6MN.  
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Figure 2-4 Resulting loads transmitted to the ground for a monopile and potential soil reaction. 
In terms of environmentally induced loads, wind has the biggest influence in the overturning 
moment due to the longer lever arm for such tall structures. However, hydrodynamic loads 
(waves) can become significant and even dominant for greater water depth (O’Kelly & Arshad 
2016).  
The nature of environmental and operational loads is cyclic, not only in extreme circumstances 
but also during ordinary service conditions and each cyclic load contribution has a unique set of 
intensities, directions and frequencies. Hence in offshore wind, besides the design for ultimate 
limit state and the maximum capacities, fatigue design is also a very crucial issue. Under long-
term repeated loading, the assessment of soil deformation can also be an important parameter and 
a difficult challenge for the wind offshore engineering design (Achmus et al. 2009).  
Nikitas et al. (2016) developed a simplified approach to describe the load regime, identifying four 
main different sources of cyclic loading: wind, wave, blades rotation and blade shadowing effect 
(Figure 2-5).  





Figure 2-5 Loading system acting on offshore wind turbines (from Nikitas et al. 2016). 
The intensity of wind and wave loads can be determined only in a statistical way, because of their 
random and aleatory nature. Historical data can be derived for each specific wind farm site from 
Met-ocean databases or numerical models. Ocean waves frequencies typically range between 
0.05-0.5 Hz with extreme waves which can typically occur in the range of 0.07-0.14 Hz (LeBlanc 
2009). Wind frequency distribution can be described using the Kaimal spectrum while the 
JONSWAP (Joint North Sea Wave Project) spectrum can be used for waves, as suggested by the 
DNV standard (DNV 2014). However, other types of spectra can be also employed (e.g. 
Bhattacharya (2014)). 
The case of the operative loads linked to the rotation of the turbine blades is different. The typical 
rotational speed ranges between 10-20 rpm (Malhorta 2011), which is equivalent to 0.17-0.33 Hz 
(referred to as 1P loading in Figure 2-5). The frequency 1P is not fixed but expressed within a 
range because most of the industrial wind turbines are variable-speed machines. The pure blade 
rotation would only produce a minor excitation, the larger contribution comes from aerodynamics 
imbalances or unwanted mass (Nikitas et al. 2016). The blade shadowing effect represents the 
cyclic loading occurring as the blade travel past the tower, hence the frequency is simply 1P times 
the number of blades mounted in the turbine. Its frequency, in case of a three-blades turbine, will 
range from 0.5-1 Hz (3P in Figure 2-5). The range of excitations from the four sources is collected 
in the frequency spectrum plot illustrated in Figure 2-6. 




Figure 2-6 Typical excitation range for offshore wind turbines. 
Resonance frequency can potentially create unwanted vibrations which would cause the fatigue 
damage of the structure, tilting and potential collapse. To avoid such dangerous scenario, the 
offshore wind turbine (turbine, tower, sub-structure and foundation, see Figure 2-4) needs to be 
designed with a natural frequency of the overall system (f0) lying outside the frequency bands 
described above and reported in Figure 2-6.  
 Geotechnical design 
The overall design of the wind turbine structure is very complex, requiring the collaboration of a 
large technical team of mechanical, structural, aerodynamics and geotechnical engineers, among 
others. The geotechnical design influences or concerns two main aspects: 
1) natural frequency of the turbine 
2) foundation design 
In the following is presented a general review of the design procedures; detailed guidance can be 
found in International codes of practice such as Det Norske Veritas (DNV 2014); American 
Petroleum Institute (API 2010); Germanischer Lloyd (GL 2005); International Electrotechnical 
Commission (IEC 2009); International Organization for Standardization (ISO 2007). 
2.1.4.1 Natural frequency  
OWT are dynamically sensitive structures and in order to minimise the development of fatigue 
damage, the first natural frequency of the wind turbine should not coalesce with the excitation 




frequencies due to the rotor dynamics and to the wind and wave loading. The natural frequency 
f0 is dependent on the support condition, such as foundation type and size, soil strength and 
especially its stiffness. There are three design techniques which are summarised as follows: 
 Soft-soft design  
This design approach should ensure that f0  falls below 1P range (Figure 2-6). This is achieved 
using a flexible structure with a small diameter, hence saving on material and reducing the 
hydrodynamic loads. However, it is rather difficult, for wind turbines with low structural 
stiffness, to cope with extreme aerodynamic and hydrodynamic loads (De Vries et al. 2011). 
With the general tendency of moving towards deeper water and bigger turbines, this design 
method is likely to completely disappear in the future (LeBlanc 2009). 
 Stiff-stiff design 
This design approach should ensure that the first natural frequency of the whole turbine (f0) 
is higher than the 3P band (Figure 2-6). Despite the fact that it appears as the safest solution, 
it requires the design of extremely stiff structure. This results in significantly large amount of 
material and higher costs for transportation and installation (Arany et al. 2015). 
 Soft-stiff design 
In this design case, the first natural frequency of the whole structure (f0) falls between the 1P 
and 3P ranges (Figure 2-6). Currently, this is the most common configuration in the design 
practice. However, for safety reason, the DNV code (DNV 2014) suggests that f0 should not 
be within 10% of the 1P and 3P ranges. 
The design procedure requires a precise and confident evaluation of the natural frequency f0  
(Versteijlen et al. 2016; Jardine et al. 2012), which can be predicted by dynamic analysis. Usually, 
the whole structure is modelled with engineering soil-structure interaction models using 
simplified geometries. Typically, two different 1D models are considered in analysing the 
dynamic response of pile foundations (Figure 2-7).  




Figure 2-7 Examples of simplified analytical models for deep foundations: a) lateral springs and b) rotational 
and lateral springs fixed at seabed level. 
The pile model consists of a beam element with a top head mass representing the rotor nacelle 
weight. In Figure 2-7a, the soil confinement is modelled by a series of independent Winkler 
springs (Winkler 1868) alongside the pile’s embedded length. In Figure 2-7b, the wind turbine is 
assumed as a flagpole fixed at the bottom and the soil pile interaction is modelled by two springs 
denoted by their global stiffness components: kr (rotational spring) and kl (lateral spring). Each 
spring represents the local soil reaction through p-y curves which defines the relationship p(y) 
between the soil resistance, p, in response to the lateral pile displacement, y. As the endured 
loading amplitudes during the lifetime of OWT foundations is within the elastic range (Damgaard 
et al. 2014), the soil response is expected to be linear, therefore, the stiffness of the spring 
maintains a constant value. Considering p–y curves to account for the initial stiffness of the soil, 
dynamic analyses are carried out, usually with finite-element or finite-deference models, to 
estimate the natural frequency of the system subjected to the excitations from environmental and 
operational loads.  
2.1.4.2 Foundation design 
The soil plays a fundamental role in the behaviour of the turbine providing support to the overall 
structure subjected to lateral and overturning moment. There are three main methods to determine 
displacements and rotation of pile foundation: global pile analyses, FE analyses and beam 
analyses.  




The global pile analysis is performed calculating bearing capacity, shaft resistance and pile head 
displacements under monotonic condition and then applying degradation laws to account for 
detrimental effects of axial and lateral cyclic loads (Garnier 2013). Finite-Element analyses 
require a full 3-D dimensional representation of the problem and they generally result challenging 
and time-consuming if adopted for the whole design procedure. The most common geotechnical 
design approach deals with lateral and overturning load by uncoupling the response of various 
layers in the soil using the Winkler method (Winkler 1868) (see section 2.1.4.1). The monopile 
response to generalized loading conditions (axial, lateral and moment) is commonly computed 
using non-linear soil reaction curves along the pile shaft (p-y and t-z) and at the pile tip (Q-z and 
S-y) as schematically shown in Figure 2-8. This approach is recommended in various industry 
standards for offshore wind farms as DNV (DNV 2014) and API (API 2010). 
 
Figure 2-8 Winkler (Winkler 1868) model approach with a beam supported on non-linear ‘p-y’, ‘t-z’, ‘S-y’ and 
‘Q-z’ curves to represent the pile-soil interaction. 
The p-y curves proved their reliability over the last 50 years in the offshore design for the oil and 
gas industry. However, many authors have recently argued (Doherty et al. 2012; Abdel-Rahman 
& Achmus 2005; LeBlanc 2009; Byrne et al. 2017; Wichtmann et al. 2008; Kallehave et al. 2012; 
Corciulo et al. 2017) that its applicability should be reviewed for the design of very large modern 
wind turbine foundations. The original p-y curves, derived by Reese et al. (1974) on sand, Matlock 
(1970) on soft clay and Reese et al. (1975) for stiff clay,  were calibrated with field tests on slender 
piles (D=300 to 600 mm, L/D=34 Byrne et al. (2015) while monopiles for offshore wind turbine 
are now significantly larger (up to about 10m). Therefore, the soil-pile interaction may develop 
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more complex mechanisms (Byrne et al. 2015), which need to be taken into account when 
computing the soil lateral reaction. Abdel-Rahman & Achmus (2005) and Doherty et al. (2012) 
proved with field tests and 3-D numerical analysis that the current design guidance from the 
American Petroleum Institute (API 2010) may underestimate the capacity of large diameter 
monopiles (Figure 2-9a). The recent PISA project (Byrne et al. 2017) has been set up to address 
these issues. Corroborating previous findings by Lam & Martin (1986), rotational stiffness 
induced by tangential shear stresses developed along the pile shaft as well as base resistances 
should be carefully accounted (see Figure 2-9b). These findings that complex stress paths in the 




Figure 2-9 Load-displacement comparison predicted by the API guideline, finite element data and field tests 
results from Doherty et al. (2012)(a); Various sources of soil resistance on large diameter monopiles from Lam 
(2006) (b). 
Another pile design issue is represented by the uncertainties of the long-term performance of the 
foundation under cyclic loading. Wind turbines are designed for an intended life of 25 to 30 years 
during which the structure will be subjected to a very large number of repeated loads. Each load 
contribution will develop, for such an extended amount of time, tens of millions of cycles. Many 
studies (Bhattacharya et al. 2011; Achmus et al. 2009; Lombardi et al. 2013; Leblanc et al. 2010; 
Carswell et al. 2016; Doherty & Gavin 2012; Arshad & O’Kelly 2016) acknowledged the 
important issue of the fatigue damage due to development of permanent soil deformation which 
may jeopardise the performance of the foundation. The current design guidelines (API 2010; 
DNV 2014), based on p-y curves, have not implemented yet a method which accounts for possible 
accumulated pile rotation of stiffness degradation as result of long-term cyclic loading. Design 




methods are not only based on small prototypes and not 100% relatable with the current monopile 
diameter size, but they are also based on field tests with a limited amount of cycles (Achmus et 
al. 2009; O’Kelly & Arshad 2016) and loading acting from one direction only.   
Recently the research efforts focused on suggesting updates of the design standard in order to 
update and adapt them to the present need of the wind energy market. The second part of this 
chapter will introduce the major contributions in the academic/industry literature on the 
experimental and numerical work done to address the design issues mentioned above. 
2.2 MONOPILES FOR WIND TURBINES: LONG 
TERM CYCLIC LOADING RESPONSE  
Under high cyclic loading regime due to environmental induced load and rotor dynamics, there 
are two main effects that can compromise the performance of the wind turbine: 
1) Permanent displacement or accumulated rotation of the pile head may exceed the serviceability 
limit of a wind turbine (Achmus et al. 2009).  
2) Accumulated strains may lead to a change in foundation stiffness. Any significant change in 
stiffness may result in an interference between the first natural frequency and the excitation 
frequencies, 1P or 3P, with potential for system resonance and consequent fatigue problems 
(Leblanc et al. 2010; Jardine et al. 2012).  
To help the understanding the behaviour of large diameter monopile and the stress orientation 
around the pile shaft researchers have employed experimental testing (full-scale measurements, 
physical and centrifuge models or soil element testing) and numerical prediction (i.e. explicit and 
implicit FE models). 
  Cyclic accumulation of deformations (Experimental 
investigation) 
2.2.1.1 Full-scale pile tests 
Cyclic field tests in an offshore environment are complex, expensive and time-consuming, hence 
very rare (Jardine et al. 2012; O’Kelly & Arshad 2016; Alderlieste et al. 2011). However, full-
scale tests are essential in order to understand the behaviour of these structures and to account for 
the effects of cyclic environmental loading.  
Since most of the past full-scale tests were commissioned by the oil and gas industry, field tests 
were usually carried out on slender piles loaded predominantly along the vertical axes. The wind 
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energy industry brought a completely different set of challenges on the engineering design which 
change the full-scale testing method: OWT’s monopiles are designed to be more rigid (using 
significantly larger diameter) and to support stronger lateral load and overturning moment 
imposed by wind and waves in comparison with sub-structures and foundations for oil and gas 
platforms. Field test data have been widely reported for axially loaded deep foundation (Jardine 
& Standing 2012; Jardine & Standing 2000; Little & Briaud 1988), less guidance is available 
regarding the full-scale response of laterally loaded OWT monopile (Alderlieste 2011; 
Hokmabadi et al. 2012).  
A comprehensive set of steel piles tests subjected to cyclic axial loading in dense sand was 
performed by Jardine & Standing (2012) and Jardine & Standing (2000). Results from industrial-
size instrumented piles, with a diameter of 457mm and length of 19m, were collected from 





Figure 2-10 a) Influence of the number of cycles with the cyclic loading parameters (Qcyclic and Qaverage) 
normalised by the axial static capacity (Qmax static) varying the number of cycles to failure Nf, from Jardine & 
Standing (2012); b) Schematic diagram of cyclic loads with definitions. 
The authors identified three types of behaviour depending on the average and cyclic normalised 
axial loads imposed (Qcyclic/Qmax static and Qaverage/Qmax static respectively, see Figure 2-10b), defined 
as: 
 Stable (S in Figure 2-10a): the rate of accumulated axial displacements is low after a large 
number of cycles. The cyclic loading, basically, does not affect the capacity of the 
foundation. 




 Metastable (MS in Figure 2-10a): Small region in between stable and unstable conditions,  
where limited reduction of load capacity caused by cyclic loading can occur. Failure can 
be reached for a high amount of axial cycles. 
 Unstable (US in Figure 2-10a): The accumulated strain rate accelerates progressively 
producing a rapid failure after few cycles. 
Results showed an increase of shaft’s capacity after the application of 1000 or more low amplitude 
cycles. Contrarily, high amplitude cycles may take the foundation to failure within the first 100 
cycles (Figure 2-10a). Furthermore, it was also observed a beneficial effect of pile ageing which 
may recover the capacity loss due to cyclic loading.  
Time has shown to have a beneficial effect on the shaft friction with a gain of 50-100% in both 
sand and clay soils (Karlsrud 2013). Chow et al. (1998) observed the response under axial loading 
of few small diameter open-ended piles driven in dense sand, during intervals between 6 months 
and 5 years. After installation, the pile did not benefit for the full radial stresses around the pile 
shaft. The installation produces an arching mechanism which limits the development of radial 
stresses. The subsequent creep deformation helps to release the stress arching mechanism 
allowing an increase in radial stresses and, in turns, in shaft axial capacity. 
Cyclic lateral loading tests on pile foundation embedded in sand were collected by Long & 
Vanneste (1994). The authors produced a model to predict the deterioration of the soil resistance 
which reduced the static soil reaction of p-y curves with a power law of the number of cycles 
involved. It was also found that within the factors affecting the cycling behaviour - such as soil 
density, pile dimensions, pile type and installations method - the cyclic load features had the most 
significance. This empirical relation relies on full-scale test with a limited amount of repeated 
lateral load (about 50 cycles on average), therefore the authors recommended caution in using the 
model for long-term predictions. 
Ciavaglia et al. (2017) performed field tests on full-scale piles (768mm of diameter) driven in low 
to medium density chalk. Short and long steel pile with embedded lengths of relatively 5 and 11 
meters were laterally loaded to specific static load, then cycle packages up to 100 cycles, were 
applied in the same loading direction. Stiffness was found to decrease with the increase of number 
of cycles, cyclic load amplitude and static load level (stress level at which the cycles were 
applied). The authors indicated that short piles accumulated small horizontal displacement only 
if the load level was kept under 11% of the ultimate lateral capacity. The OWT’s serviceability 
may be compromised for cycles applied at higher stress level. 
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Undoubtedly, the employment of monitoring system can provide powerful insights to help the 
understanding of how large diameter piles, now currently in use, behave when subjected to cyclic 
lateral loads. At the moment there is not much data available from full-scale monitoring system 
(Andersen et al. 2013). Only recently, DONG Energy (now Ørsted) presented a world first full 
monitoring investigation on a highly instrumented suction bucket jackets (Shonberg et al. 2017). 
These foundations were installed in 2014 on offshore wind farm located in the German section of 
the North Sea. Results in term of bucket stiffness confirmed the prediction made using a series of 
springs during the design stage. The stiffness, derived by accelerometers on top of the buckets, 
could only be measured on a short-term basis.  
Further investigation will enable to update the design recommendations of the current guidelines 
(DNV 2014; API 2010). The predicted response of large diameter varies significantly with the 
response of modern OWT (Kallehave et al. 2012). A joint industry project, PISA (PIle Soil 
Analysis), formed in 2013 is attempting to develop a new design methodology for laterally loaded 
monopiles. The project involves numerical modelling using 3-D finite element analysis and large-
scale field testing (Figure 2-11).  
 
Figure 2-11 Instrumented large diameter pile laterally loaded employed for the PISA research project. Photo 
from Ørsted (2017). 
Full-scale pile with diameters up to 2m and embedded length up to 10.5m were equipped with 
inclinometers, displacement transducers (including fibre optics strain gauges) load cells and pore 
pressure transducer to measure the pile-soil behaviour (Byrne et al. 2015). 




Long-term focused investigation and full-scale monitoring system are also required in order to 
verify the formulation of accumulation models and predict the pile capacity degradation during 
cyclic loadings.  
2.2.1.2 Physical modelling 
The use of physical models together with experimental verification is a faster and more 
economical method to understand the monopile soil behaviour. Small-scale modelling need to be 
carefully controlled in order to determine correct scaling laws to link the model results with full-
size prototypes. However, there are still some unavoidable shortcomings which generally are 
represented by the impossibility to reproduce in-situ stress level and the breach of the pile-soil 
particle scale ratio.  
LeBlanc et al. (2010) investigated the accumulation of rotation and change in secant stiffness of 
the pile lateral response using a 1:50 rigid monopile model in loose and medium dense Leighton 
Buzzard. The accumulation model in response to continuous long-term cyclic loading (up to 
65370 cycles) was found to follow a power function of number of cycles (N in Figure 2-12a), as 
previously observed by Long & Vanneste (1994) for full-scale cyclic pile tests in sand limited to 




Figure 2-12 The evolution of the accumulated rotation for 1g test (Leblanc et al. 2010) varying the characteristics 
of cyclic loading. Definition of cyclic features on the right: ϛc =1 for a static test, 0 for one-way loading, and -1 
for two-way loading. ϛd related to the magnitude of the load and Rd is the relative density of the deposit. 
The largest amount of accumulation of rotation was found for the application of random two-way 
moment loading rather than one-way loading type. The development of a model to predict random 
cyclic loading was presented in LeBlanc et al. (2010), and randomness was introduced to 
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reproduce real field conditions. Other researchers have also demonstrated through one-way cyclic 
loading (Rudolph et al. 2014) and two-way cyclic loading (Nanda et al. 2017) that changes in 
cyclic loading directions can potentially increase the accumulation of deformations (see one-way 
and two-way cyclic loading description in Figure 2-12b). 
A remarkable number of one-way cycles was performed by Cuéllar et al. (2009) who made a 
scaled 1:100 model to replicate a pile loaded laterally. The authors also observed a progressive 
accumulation of rotation and displacement of the pile head. Interestingly, the investigators used 
video recording of sand bands of different colours and they observed a steady grain migration and 
soil convention movement after the application of a large number of cycles (around 1·105).  
Recently, Nicolai et al. (2017) observed more than 50% increase in the lateral capacity with 
respect to the current design codes. Tests were performed on scaled monopile subjected to large 
number of lateral loads (up to 5·104). Post cyclic capacity was found improved with the number 
and magnitude of the loading cycles. The lateral loads induced significant accumulated permanent 
pile lateral displacements, in this case, governed by a logarithmic law. The same conclusion was 
found analysing the outcomes from centrifuge tests by Haigh (2014), Li et al. (2010) and Verdure 
et al. (2003). 
Reduced-scale models offer a closer control over model details and can provide a quicker and less 
expensive method to investigate specific aspects of full-size prototypes. However, it needs to be 
stressed that correct dimensional adaptations are crucial especially when dealing with non-linear 
mechanism and soil structure interactions (Wood 2003). 
2.2.1.3 Centrifuge modelling 
The inadequacy of the physical models to reproduce in-situ local stress developed in a full-size 
prototype can be handled using geotechnical centrifuge tests. The principle is to create an artificial 
gravitational acceleration by rotating a body mass at a constant angular velocity to increased body 
forces on models of reduced size.  
Centrifuge tests using monopiles (D=1m, L=6-10m) were conducted by Klinkvort et al. (2010) 
on laterally loaded with a limited amount of cycles (100 cycles) in dense sand. Contrarily with 
the degradation curves suggested by the conventional p-y method, results showed an increase in 
pile-soil stiffness. In fact, the cyclic loading produced an improvement of the lateral bearing 
capacity and small variations in initial density. Later the author conducted a number of centrifuge 
tests comparing results with different eccentricity and a new modified hyperbolic equation for the 
p–y curves was proposed in Klinkvort & Hededal (2014).  




Reduction of soil stiffness was found in dry sand model of laterally loaded monopiles by Li et al. 
(2010) and Rosquoet et al. (2007). According to Rosquoet et al. (2007), most of the cyclic effects 
(pile head displacement and stiffness change) occurred in the first few cycles. A reduction of soil 
stiffness was observed in the upper part of the pile embedment (between 0 and 5D), which is the 
most important for the lateral load capacity of the monopile (Cuéllar 2011). An increase soil 
reaction only occurred close to the pile tip. Li et al. (2010) employed centrifuge tests to study the 
performance of large diameter monopile embedded in sand and laterally loaded up to 1000 cycles. 
The authors investigated the effect of the magnitude finding that larger loads lead more significant 
local densifications and the rate of lateral displacement increased with larger cyclic load 
amplitudes. Sand stiffness was found to increase within the first 100 cycle (up to 18% from small 
to medium-large amplitudes). 
Although the pressure dependence of the soil response may be solved using centrifuge modelling, 
other technical difficulties arise. For instance, the acceleration field on a centrifuge is radial rather 
than parallel, as in the earth gravity field. Therefore it is arguable that surface in reduced scale 
model become curved with the application of centripetal acceleration (Wood 2003). In order to 
be able to relate results from the model to a prototype in real size, a complex set of scaling laws 
(i.e. example grain-size distribution, contact laws, solid-fluid interaction, permeability among 
others) need to be adopted. 
Additionally, most of the model employed to evaluate the behaviour of pile subjected to cyclic 
loads “only estimate a fictitious degraded secant stiffness” (Cuéllar 2011) which is derived by the 
increment of external load divided by the increment of foundation displacement. These values of 
so-defined stiffness do not reflect the actual state of the soil nor its real dynamic properties, which 
must originate from testing on the soil element. 
 Cyclic accumulation of deformations (Predictions) 
2.2.2.1 Numerical modelling 
The finite element method provides a very useful and powerful means for conducting soil-pile-
structure analyses (Roia 2010). The advantages of a finite element approach include the capability 
of performing soil-pile structure analysis using any arbitrary soil profile, and to study 3-D effect. 
Several authors used FE software to simulate the reaction of the foundation to static lateral load. 
Abdel-Rahman & Achmus (2005) developed a 3-D finite element model to analyse the behaviour 
of a hollow monopile (with typical wall thickness and flexural stiffness) embedded in sand and 
subjected to static loading and they compared FE predictions with the pile deformations obtained 
using standard design guidelines. The outcomes from the numerical analysis showed that the p-y 
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method may underestimate the pile deformations, probably because of a misrepresentation of the 
initial soil stiffness in large depths by the API method. This unconservative outcome was also 
found by Lesny et al. (2007). Augustesen et al. (2009) also argued the API recommendations 
comparing the horizontal head displacements prediction of 4m diameter foundation on the North 
Sea with the outcome from a Flac3D analysis. The Winkler-type approach (Winkler 1868) 
forecast a pile displacement at sea level 62% lower than the finite element analysis. However, to 
capture the long-term behaviour of the soil surrounding the offshore support structures, there is a 
need of advanced constitutive models calibrated on experimental tests, which are not yet readily 
available (LeBlanc 2009).  
As future OWT installations are envisaged to move further out sea and move in deeper waters the 
diameter of monopiles foundation will increase in size. The concern about the inadequacy of the 
current design methods, based on p-y curves, is one of the motivations of the PISA project (Byrne 
et al. 2017). Numerical modelling will provide important insight for the understanding of the pile-
soil interaction in lateral loading conditions. The analysis will be validated by results from small-
scale projects and full-scale prototypes simulating different ground conditions (Byrne et al. 2017; 
Zdravković et al. 2015). 
Cyclic loading effect on soils and geotechnical structure can be solved with advanced finite 
element modelling using either of these two approaches: 
Implicit method, a time domain procedure. It is an incremental analysis which accounts the stress 
and strain response during each cycle. Strains accumulation are the result of not non-recoverable 
deformation developed from not-perfectly closed stress/strain loops. This procedure may be 
expensive in terms of computational time and, in case of a systematic error, it may provide 
inaccurate accumulated strains (Niemunis et al. 2005). 
Explicit methods. More appropriate for a fatigue analysis, these methods only account the 
stress/strain at the end of the applied cyclic load. The process of accumulation over cyclic loading 
is treated similarly to the development of creep under a constant load (Jardine et al. 2012). 
However, the first few cycles will be considered with an implicit approach, as from the strain 
developed differ from the subsequent cycles (Wichtmann 2005).  





Figure 2-13 Explicit procedure to predict the evolution of strains with the number of cycles (Wichtmann 2005). 
A remarkable contribution to this numerical approach was form Wichtmann et al. (2008), who 
presented a set of finite element evaluation on the effect 106 cycles on monopile foundations. The 
soil was modelled using the high-cycle accumulation (HCA) method proposed by Niemunis et al. 
(2005), Wichtmann et al. (2010) and Wichtmann et al. (2005). HCA is an explicit model able to 
predict the strain variations over a large amount of loading cycles and it is based on a series of 
drained cyclic triaxial compression and extension. The strains developed were measured from the 
initial and usually irregular cycles and at “control cycles” using an implicit approach (Figure 2-13) 
in order to recalibrate the strain amplitude which may change due to a variation of stress or 
material void ratio (Niemunis et al. 2005). Several simulations were presented by the authors 
(Figure 2-14) where cyclic bending moments were applied at different amplitudes and at different 
average load.  




Figure 2-14 FE calculations after Wichtmann et al. (2008): combination of cyclic bending moment amplitudes 
and averages value with the lateral displacement up to 106 cycles. 
Achmus et al. (2009) coupled the results of the FE investigation with drained cyclic triaxial tests 
to predict the calculation of accumulated displacements in granular soil foundations. Cyclic 
triaxial tests were used to calibrate the constitutive model and to verify the stiffness degradation 
model proposed in the paper. 
 
Figure 2-15 Design charts for a preliminary for estimating the lateral deformation of a monopile after Achmus 
et al. (2009). 
As the result of a parametric study on the impact of pile geometry, loading conditions and soil 
density, the authors produced design charts (Figure 2-15a and b) to help the designer in making 
quick predictions on the accumulation of displacement for a monopile supporting OWT. 
b) a) 




Finite element analysis combined with advanced constitutive models were produced within the 
SOLCYP project (Puech et al. 2012), including bounding surface, multiple kinematic bubble yield 
surface and soil structure interface with the application of a large number of cycles (Burlon et al. 
2014; Papon et al. 2013; Pra-ai & Boulon 2017). 
It is recognised that the stress conditions in the soil surrounding a pile foundation subjected to 
cyclic loading are complicated. The elements follow various stress paths (conventional triaxial 
compression, DSS and conventional triaxial extension), and experience different combinations of 
average and cyclic shear stress (Andersen 2015). Fan & Long (2005) highlight this issue by means 
of a three-dimensional finite element analysis using a model of a single pile embedded in sand 
and subjected to lateral loads. The authors showed the stress path followed by five mesh elements 
orientated around the monopile (1 to 5 in Figure 2-16) and located at 0.4m from the ground surface 
and 0.2 m from the pile. The soil element at the back of the pile is subjected to conventional 
triaxial extension (CTE in Figure 2-16) conditions. The stress path of the elements 3 in Figure 
2-16 mobilised shear stresses along with a minor change of mean normal stresses, conditions 
which can be related with DSS tests. The element in front of the pile (1 in Figure 2-16) presented 
an increase of horizontal stresses due to the application of the lateral load on the monopile. These 
conditions can be simulated with triaxial compression with increase radial stresses (TCR in Figure 
2-16).  
 
Figure 2-16 Stress paths resulting from 3-D finite element analysis (Fan & Long 2005) on laterally loaded 
monopile. 
However, the investigation proposed by Fan & Long (2005) did not account for the effect of the 
pile installation which may develop stresses along different directions. Furthermore, the analysis 
reported results only for soil elements located at the same depth and distance from the pile.  
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From a three-dimensional perspective, soils surrounding a laterally loaded pile foundations may 
be subjected to multidirectional loading condition (LeBlanc 2009; Byrne 2011; Aghakouchak 
2015; Sim et al. 2013; Arshad & O’Kelly 2016). In Chapter 3 it is presented a finite element 
model of a laterally loaded monopile in sand to obtain a 3-D “view” of the stress distribution 
around offshore foundations. The influence of distance from the pile and depth from the surface 
while analysing the stress resulting from several soil elements around the pile shaft will also be 
examined.  
The use of advanced fully implicit numerical analysis of offshore foundations under cyclic loads 
are mainly exclusive to academic research purposes and a thorough review was proposed by 
Jardine et al. (2012). There is the need for simple and effective constitutive laws to account for 
issues imposed by the uncertainty of the monopile installation effects, friction pile-soil interface, 
and, last but not least, the consequences of the long-term application of lateral cyclic loads. 
Publications on field measurements and monitoring data of full-size offshore structure will give 
crucial information towards an international standard modification of the modern design 
approach. Numerical analysis can nevertheless help improve understanding of pile-soil 
interaction, and in the future, it might represent the most feasible solution for practical 
applications.  
 Cyclic effect on natural frequency of the soil-pile-structure 
system 
Especially in monopile supported structures, the dynamic properties of structural system are 
strongly related with the soil stiffness (Damgaard et al. 2014). Long-term exposition to cyclic 
loadings may change the soil stiffness, and hence the natural frequency of the system (Lombardi 
et al. 2013; Bhattacharya et al. 2017; Arany et al. 2015). There may be a risk that f0 shifts towards 
one of the excitation bands (1P or 3P in Figure 2-6) possibly leading to excessive vibration, fatigue 
strains, tilt and potential hazard to the serviceability of the whole structure.  
Shadlou and Bhattacharya (2016) developed an elasto-dynamic formulation to predict the 
stiffness of deep foundations for multi-layered soil profiles and for a range pile aspect ratio 
(L/D≥2). The solutions proposed by the authors accounts the influence of the tip resistance and 
can be used to predict the natural frequency of the pile-soil system. The model has been validated 
against standard methods and compared with the result of a FE analysis. 
A 1:100 scaled model of a wind turbine produced by Bhattacharya et al. (2011) and Lombardi et 
al. (2013) shows a change of the natural frequency (fn-final/fn-initial in Figure 2-17) with the number 
of cycles applied, following a logarithmic law. The authors concluded that the frequency change 




is dependent on the strain level in the soil around the pile foundation (P/GD2 in Figure 2-17) and 
the designed system with respect to the excitation frequency. 
 
Figure 2-17 Change in natural frequency after long-term application of cyclic loading. The dimensionless 
parameter P/GD2 represents the soil strain level (Arany et al. 2015; Lombardi et al. 2013). 
Various authors focus their attention on the prediction of dynamic soil–monopile interaction on 
laterally loaded structures investigated the problem by means of advanced three-dimensional 
numerical modelling (Corciulo et al. 2017; Versteijlen et al. 2016; Zdravković et al. 2015; Abdel-
Rahman & Achmus 2005).  
Although numerical modelling are powerful tools in understanding the soil-structure interaction 
and able to provide important insight into the cyclic behaviour of the system, they also have some 
intrinsic limitations. An FE approach for instance, may describe adequately the soil behaviour at 
macro scale level, however it fails in reproducing the micro-mechanisms which occur between 
grains (Cuéllar 2011). 
Element testing can support the formulation of complex constitutive model which take into 
account non linearity and interaction between soil and structures. Furthermore, it can provide 
important information regarding micro-mechanical phenomena like strain localisations, small 
strain stiffness, particle rearrangement, liquefaction among others.  
2.3 CYCLIC RESPONSE OF GRANULAR SOIL 
ELEMENT 
This section highlights the main contributions on laboratory investigation on sands focusing on 
the characterization of the long-term behaviour of soil surrounding the OWT foundations. The 
stress-strain mechanisms of cyclically loaded soils can be assessed in the laboratory under various 
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conditions (e.g. drained/undrained, constant normal stiffness, constant volume, stress/strain 
control, pre-shearing, overconsolidation, among many others) using conventional and advanced 
soil testing apparatus, such as cyclic triaxial (TX), direct simple shear (DSS), hollow cylinder 
torsional apparatus (HCTA), cubical triaxial cell, resonant column testing, bender element or ring 
shear. Geotechnical engineers use the appropriate technique depending on the cyclic parameter to 
determine and the in-situ conditions which are required to simulate. A detailed review on the 
ground investigation on offshore structures is presented by Andersen et al. (2013). 
 Effect of cyclic loading amplitude 
The element along the shaft of piles subjected to environmental or rotor dynamics loadings is 
exposed to a large number (107 - 108) of loading cycles. The amplitude of the stress cycles is 
probably the most influential factor controlling the accumulation of volumetric and distortional 
strains during drained cyclic loading or loss of effective stresses in undrained tests. Wichtmann 
(2005) performed a systematic study on the influence of the application of a large number of 
cyclic loading on quartz sand. Within his remarkable contribution is reported an investigation on 
the influence of amplitude (qamp) on sand carrying out several triaxial tests subjected to large 
number of cycles (N=105). Tests were performed in drained conditions, using same pave, ηave and 
similar initial relative density (ID0 in Figure 2-18).  
 
Figure 2-18 Semilogarithmic diagram of the accumulated strain (%) for 9 tests subjected to different qamp after 
Wichtmann et al. (2005). 
An increase in cyclic amplitude leads to larger accumulation of plastic strains and the effects after 
105 loading cycles are visible in the semilogarithmic plot in Figure 2-18. The author used a range 




of cyclic loading from low level as small as 12 kPa to large corresponding to more than 60% of 
the qave (94 kPa).  
A similar outcome was found by Escribano (2014) (see Figure 2-19b) who investigated the 
amplitude influence on the stiffness of Hostun sand. The same triaxial sample was subjected to 
four packs of 250 cycles, each pack offered a larger cyclic amplitude (Figure 2-19a). The average 
stress ratio ηave was maintained constant to 0.5 and with pave=100 kPa. The magnitude of the 
deviatoric strain accumulation increased as the cyclic amplitude increases (Figure 2-19b). 
Nevertheless, the author noticed that the tangent stiffness, measured with the bender element at 




Figure 2-19 Triaxial test subjected to four batches of 250 cycles with different amplitudes, where β=qamp/p0: (a) 
stress ratio against deviatoric stress, (b) Accumulation of deviatoric strains per number of cycles (Escribano 
2014). 
The magnitude of the service cyclic loads imposed to the proximity of offshore foundations is 
usually within the small strain domain (10, 20 and 40 kPa in terms of shear stress according to 
Pra-ai & Boulon (2017)) as they are not supposed to produce early failure. However, as observed 
on physical models, even small loading cycles, if applied in a large amount, can produce 
stress/strain accumulations, particle rearrangements, stiffness degradations, system frequency 
changes, among other phenomena, all of which may be harmful to the lifetime stability of the 
structure. Resonant column tests (RC) equipped with high-precision proximity transducer have 
been employed by Lo Presti et al. (1993). The small strain stiffness G0 was found not affected by 
the application of low amplitude torsional cycles (shear strain of 0.001%). Li & Yang (1998) 
confirmed those results and suggested that 0.003% should be considered as the shear strain 
threshold over which G0 increases with the number of cycles (Figure 2-20a). 
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It must be pointed out that soil has the capacity of ‘memorize’ previous loading state, making the 
loading history one of the most influential variables in the cyclic response of soil elements. This 
has been demonstrated in relation to the cyclic amplitude by López-Querol & Coop (2012), who 
carried out triaxial tests on Dogs Bay sands by applying batch of a fixed number of cycles varying 




Figure 2-20 b) Stiffness change due to loading cycles in sand (Li & Yang 1998) a) Cycling loading applied at 
stages of different amplitude (López-Querol & Coop 2012); where ν is the specific volume (1+e) and β denotes 
the amplitude the cycles;  
The authors applied different batches of cyclic amplitudes, from β=0.05 to 0.3, in a various order 
(i.e. following the sequence in Figure 2-20b). For the sequence of load stages with increasing 
amplitude (up to 1000 cycles), the magnitude of the deformations was found dependent on the 
amplitude of cyclic loading applied. The accumulated strain over 1000 cycles was found to be 
controlled by the maximum cyclic stress amplitude ever experienced during the test, hence 
independent on the order in which they are applied. The sample almost ‘memorise’ the previous 
stages of cyclic loading, and it is unaffected by an additional batch of lower loading amplitudes. 
The authors also showed a comparison with a sample subjected to monotonic increase cyclic 
amplitude stages. In fact, both elements reached the same accumulated strain. 
 Effect of loading history 
Monotonic pre-loading, cycling pre-loading, methods of consolidation, ageing/creep 
Stress paths performed on soil element under laboratory conditions should simulate as closely as 
possible the real loading conditions that a soil element would experience in-situ (Andersen 2015). 
The original site condition can be greatly modified by the installation procedure: as the pile tip 
passes layers of soils, the stresses around the shaft and below the tip increase sharply. The soil at 




the interface densifies and compacts but also develop large deformations (Randolph 2003) and 
even grain crashing can take place at the pile-soil interface (Yang et al. 2010).  
The significant effects of pre-cycling imposed by driving (i.e. multi-stokes hammering) on the 
subsequent cyclic response were also emphasised in the past (Andersen et al. 2013; Sim et al. 
2013; Bond & Jardine 1991). Researches from the Imperial College London found on 
instrumented piles (Jardine & Standing 2012) and model tests (Tsuha et al. 2012) that low-level 
cycles improved shaft capacities, whereas renewed high-level cyclic loading was found 
disadvantageous. Aghakouchak (2015) and Sim et al. (2013) suggested a specific stress path to 
account the pre-stress condition including stress build-up and relaxations stages due to the pile 
installation. As illustrated in Figure 2-21, the sample experienced a K0 (=0.45) consolidation and 
over consolidation ratio (OCR) of 4 to account the densification of the interface zone located in 
the proximity of the pile shaft.  
 
Figure 2-21 Pre-cycling stress path applied to match stress condition of a soil element close to the pile shaft after 
Sim et al. (2013). 
Drained pre-cycles were applied prior the undrained long set of cycles (up to 4500). Creep and 
ageing were allowed at each stage (B and C in Figure 2-21). It was found that the specimen which 
experienced no pre-cycling reached cyclic failure sooner (after the application of a lower number 
of undrained cycles) than the ones which have been pre-cycled. 
Wichtmann (2005) investigated the effect of preloading demonstrating a strong relationship 
between liquefaction and cyclic pre-shearing. To a few triaxial samples it was imposed a set of 
drained cyclic preloading, then the drainage was locked, and the cyclic undrained strength was 
determined by the application of cycles until failure. Despite the samples were fabricated with 
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similar initial densities and subjected to the same isotropic consolidation, pre-shearing, using a 
number of small loading cycles, was found beneficial in terms of liquefaction resistance.  
Cyclic prestraining was also investigated in relation to small strain stiffness (Wichtmann & 
Triantafyllidis 2004) gathering results from resonant column device and HCTA in drained 
conditions. The small strain stiffness (G0) measured in hollow cylinder specimen was found only 
moderately affected by the application of a group of pre-cycle loading (up to 5·104). Similar 
tendencies were also found while using dynamic pre-cycles on full cross-section specimen. 
However, these results disagree with the previous finding from Drnevich & Richart (1970) who 
found that dynamic torsional vibrations (from shear strain >10-4), before the applying the cyclic 
loadings, caused a significant increase on the specimen stiffness compared with the stiffness of 
not pre-strained samples.  
The evolution of void ratio with the number of cycles N (Figure 2-22b) was presented in  
Wichtmann & Triantafyllidis (2004). Three triaxial samples were prepared with slightly different 
e0 and subjected to different preloading conditions. The compaction rate (ė) – or variation of void 
ratio with the number of cycles - resulted much higher for a freshly pluviated sample then 
subjected to 40000 preloading cycles (ė1 > ė3 in Figure 2-22b).  
  
a) b) 
Figure 2-22 a) Stress paths for investigation of monotonic preloading after Wichtmann et al. (2010); b) evolution 
of the compaction rate curves (ė) with the number of cycles N (Wichtmann & Triantafyllidis 2004).   
The monotonic preloading effect was also studied and reported in a more recent contribution 
(Wichtmann et al. 2010). The authors analysed results from triaxial samples subjected to the stress 
path in Figure 2-22a. Samples were prepared using a dry pluvation technique, over-consolidated 
isotropically and anisotropically (K0=0.5) to target mean stress states (at p′=200 and 300 kPa), 
then unloaded along the same respective paths to p′=100kPa. Only after the unloading stage, a set 
of 104 axial cycles was applied at a constant amplitude (qamp) of 50 kPa. The comparison between 




different monotonic pre-loading methods, including tests with no pre-loading, showed only 
marginal differences in term of strain accumulation. However, Wichtmann et al. (2010) suggested 
further experiments using cycles in the same loading direction of the preloading, which may cause 
larger effects on the accumulation of strains. 
The author also suggested to investigate different soil preparation method and initial density as 
proposed by Doanh et al. (2012), where extremely loose samples, prepared by most tamping, were 
subjected to different monotonic pre-loadings to measure how it affected their undrained 
behaviour to failure.  
 
Figure 2-23 Drained monotonic pre-loading in loose Hostun sand samples after Doanh et al. (2012). 
Triaxial Hostun sand samples were isotropically consolidated to a target mean pressure (A in 
Figure 2-23) then either pre-sheared to C (Figure 2-23) or subjected to drained pre-cycle loading 
in compression (ACA in Figure 2-23) or in extension (AEA in Figure 2-23). Samples were then 
sheared to failure in undrained conditions, with both compression and extension monotonic loads. 
Results, once compared with normally consolidated samples, indicated a major influence of the 
monotonic pre-loading on the liquefaction resistance: the undrained shear strength almost 
disappears for large drained preloading. The drained pre-cycle compression was found beneficial 
in term of liquefaction resistance and its effect increased with the size of the pre-cycle (qave in 
Figure 2-23). The authors also indicated a large loss in undrained shear strength for samples pre-
cycled in compression (ACA) and sheared to failure in extension. Noticing a similar behaviour 
vice-versa (undrained compression shearing after drained extension pre-cycle), Doanh et al. 
(2012) concluded that liquefaction resistance reduces if the samples were sheared in the opposite 
direction of the initial pre-cycle direction. 
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The effects of time, in terms of ageing and creep, are also significant on the cyclic response of 
sands. While ageing refers to changes in the soil mechanical properties (i.e. stiffness), creep 
consist in residual deformations developed at constant effective stresses (Escribano 2014). As 
mentioned in section 2.2.1.1, full-scale tests reported remarkable increase of shift resistance due 
to creep and ageing effect during the ‘set up’ stage (Karlsrud 2013; Chow et al. 1998; Jardine & 
Standing 2000; Jardine & Standing 2012), in other words, between the end of installation and 
subsequent load. Creep deformations allow the redistribution of particles and contact 
rearrangements and it can be advantageous in term of shaft capacity. This matter has been 
investigated at soil element scale by various authors, among which Escribano (2014), 
Aghakouchak (2015) and Bowman & Soga (2003). Undrained cycling tests performed by Seed 
(1979), demonstrated that the liquefaction resistance of sand samples aged 100 days pre-cycling 
stage was found about 25% higher when compared with sample tested without ageing. Kuwano 
& Jardine (2002) showed that creep and cyclic loading deformation developed in sands are the 
result of particle rearrangements as the soil try to reach an equilibrium with the new stress 
conditions. Creep phase, in both cases, ended once the balance was reached and the strain rate 
remains constant. 
 Effect of relative density 
Relative density plays a fundamental role in the cyclic behaviour of granular soil. Tong et al. 
(2010), Wichtmann (2005) and Escribano (2014) demonstrated through cyclic drained triaxial 
tests that larger accumulations can be observed for looser samples when tested at the same average 
stress ratio and imposing the same cyclic amplitude, as shown in Figure 2-24. 






Figure 2-24 a) Deviatoric strain with a number of cycles for compression and extension triaxial tests on Hostun 
sand (Escribano 2014). b) Evolution of accumulated strains with N for a range of initial densities  (Wichtmann 
2005). 
 Effect of stress ratio 
Wichtmann et al. (2010) investigated the soil response varying the average stress ratio ηave= 
qave/pave=0.75 and 1.1 within the same triaxial test. A medium dense sample was subjected to 
several packages of 100 cycles with the same amplitude stress ratio (qamp/pave = 0.3) at different 
stress state. First K0 consolidation takes the sample to the initial stage of cycling loading (ηave 
=0.75 in Figure 2-25a). The second batch of cycles was applied only after shearing the sample to 
a target deviatoric stress (keeping p constant, ηave=1.1). The remaining cyclic stages were 
performed at different stress states along the ηave =0.75 line (Figure 2-25a). 
  
a) b) 
Figure 2-25 a) Stress path for a triaxial sample subjected to 100 cycles batch at different stress states; b) 
Accumulated residual strain (εacc) recorded during each pack of cycling loading (Wichtmann et al. 2010). 
A significant difference was noticed by the authors with the residual strain trends for pack No.1 
and No.2 (Figure 2-25b) and rest of the cycling batch applied at ηave=0.75. The sand accumulated 
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plastic deformations right after the first two sets of 100 cycles producing more than 95% of the 
final accumulated strains. As mentioned in the previous section, soils retain a memory of their 
stress history, once the sample experiences plastic deformations at its maximum stress state 
(ηave=1.1, in this case) it stiffens. The cyclic batch applied after, at a lower value of average stress 
ratio, do not produce the same accumulation of plastic strains. However, the magnitude of 
accumulated deformations seems to be influenced when cycles are applied at higher deviatoric 
stress (Figure 2-25b). Similar in the magnitude of accumulated deviatoric strains due to an 
increase of average stress ratio was found later by Escribano (2014). 
 Effect of loading rate 
Ideally, laboratory cyclic testing should reflect the load rate conditions in-situ, however, time 
constraints may lead to the application of higher frequencies and vice-versa equipment limitations 
(i.e. delay on transducer response, load cell reaction) may impose a limit on the max possible 
stress/strain rate. Wind, waves and tidal are quasi-static loads applied at low loading frequencies 
(see Figure 2-6), thus inertia forces can generally be neglected. In case of large frequencies - 
greater 5 Hz according to Wichtmann (2005) – loads must be considered dynamic. The border-
line with dynamic conditions also depends on the load magnitude. For the rest of this dissertation, 
cyclic load will be considered quasi-static. 
However, here is presented a collection of studies which investigated the influence of stress or 
strain rate in the cyclic loading response of the granular material.  
 
Figure 2-26 Effect of strain rate on stiffness at small strain for triaxial tests on saturated Toyoura sand (Tatsuoka 
et al. 1995). 
Tatsuoka et al. (1995) proposed an evaluation of the elastic stiffness of Toyoura sand from quasi-
static to dynamic loading conditions. Data, depicted in Figure 2-26, indicated no significant 
dependency of the Young’s Modulus (Es) over a range of strain rate. The authors concluded that, 
at small strains, the granular soil behaviour is essentially elastic and hence rate independent, in 




agreement with Lo Presti et al. (1997), Hardin & Drnevich (1972) and Hicher (1996). The latter 
investigated the effect of the frequency on the damping ratio evolution. The author found that 
clay was only influenced by very low frequency due to the development of creep deformations. 
However, even dry granular soils were found to be unaffected by load rate, testing frequency 
ranging from zero to few hundred cycles per second (Hardin & Black 1966). 
Six triaxial tests, subjected to a large amount of small amplitudes cycles on a range of loading 
frequency from 0.05 to 2 Hz, were compared by Wichtmann et al. (2005). Tested in drained 
conditions, the samples were subjected to the same average mean pressure (pave) and stress ratio 
(ηave), amplitude (ζ=qamp/pave) and initial densities (ID0). The accumulation of residual strains was 
found essentially unchanged, hence independent from the loading frequencies applied (Figure 
2-27). 
 
Figure 2-27 Influence of the loading frequency on the accumulated strains for a specific number of cycles 
(Wichtmann et al. 2005). 
 Effect of very large number of cycles 
Experimental investigations on the long-term cyclic response of soils usually are based on a 
limited amount of cycles (few tens of thousands). Only very few authors pushed testing towards 
very large amount of repeated loads (>106), in particular on traffic platforms applications 
(Abdelkrim et al. 2006) and railway track substructures (Suiker et al. 2005).  
Regarding OWT soil foundations, the main contribution may be from Wichtmann & 
Triantafyllidis (2015), who attempted to validate the HCA model (Niemunis et al. 2005) testing 
sands with 2 million cycles. A total of 13 triaxial tests were prepared with different grain size 
distributions (0.2mm≤D50≤3.5mm) and cyclically loaded with 2·106 cycles. Despite the HCA 
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model was found to represent well the behaviour up to N<105, Wichtmann & Triantafyllidis 
(2015) have demonstrated that it significantly overestimated the accumulation rate measured after 
N>105 cycles. In this uncharted region between 105 to 106 cycles, the accumulation curves (in the 
εacc - ln (N) plane) were found to increase for coarse sand fine gravels and poorly graded sands. 
In case of well-graded sands at very large number of cycles (105<N<2·106) the accumulated 
strains showed a plateau in the semilogarithmic plot. The authors proposed a new set of 
parameters to upgrade the HCA model accordingly with the findings.  
 Effect of loading direction  
Structures subjected to stochastic loads, such as wind and waves, may experience a constant 
variation of the loading directions throughout their service time (Rudolph et al. 2014). The 
influence of the polarizations – i.e. orientation of the cycles in the stress/strain space - was rarely 
studied and most of the case are limited to a few cycles and usually in undrained conditions 
(Wichtmann et al. 2007; Tong et al. 2010). 
A recent contribution by Tong et al. (2010) focused on the deformation mechanism after rotating 
cyclically the principal stress direction. The experimental work was carried out on HCTA on 
medium dense to dense Toyoura sand in drained condition. The rotation of principal stress axes 
(ασ see section 4.2.1.1) varied from 0 to 90° cyclically during the test while the amplitude of the 
cycle was kept constant. Plastic deformations developed due to the rotation of the principal stress 
axes and, as the number of cycles increased, the rate of accumulation gradually reduced. Secant 
stiffness, evaluated through stress and strain loops, was found to increase at the beginning then 
reached a steady status after few cycles indicating that the sand sample was densifying due to the 
change in ασ. The intermediate principal stress parameter (b in section 4.2.1.1) was also found 
affecting the volumetric strain too. Samples under similar condition (e, qamp, qave/pave and number 
of cycles applied) accumulated more residual strains at higher values of intermediate principal 
stress parameter (b).  
Undrained circular rotations of principal stress axes were performed by Ishihara & Towhata 
(1983) who noticed that the pore pressure built-up and shear strength loss occurred only by 
varying ασ while maintaining a constant deviatoric stress amplitude.  





a) b) c) 
Figure 2-28 Circular stress paths performed on triaxial torsional shear apparatus by Ishihara & Towhata (1983) 
(a); Rotational (b) and alternate (c) load paths on a two-directional shear stress apparatus (Ishihara & Yamazaki 
1980). 
Tests were performed on triaxial torsion shear test apparatus which was able to produce the stress 
path in Figure 2-28a. The samples were first subjected to isotropic consolidation then sheared by 
applying a cyclic rotation of the shear and deviatoric stresses. A two-directional shear apparatus 
was employed to perform circular and elliptical loading cycles (Figures 2-28b and c) to measure 
the liquefaction response sandy soil by Ishihara & Yamazaki (1980). The laboratory equipment 
was able to shear the sample through two mutually perpendicular horizontal axes. The authors 
compared results with a uni-directional loading test subjected to the same cyclic amplitude, 
founding that the cyclic stress ratio responsible to cause 3% of the shear strain were about 30% 
lower in multi-directional loadings. In other words, multi-axial cycles, with circular and elliptical 
shapes, were found detrimental in terms of loading resistance compared with the mono-axes ones. 
However only a very few number of cycles were involved in those laboratory tests presented 
herein. In the offshore geotechnical investigation, soils tend to be subjected to such large amount 
of repeated load due to wind and wave action on the foundation, therefore the long-term response 
must be addressed. Rudolph et al. (2014) presented a new simple shear device able to change of 
shearing direction during cyclic shearing at Hamburg University of Technology. The apparatus 
has the capability to shear the sample in two different directions thanks to two perpendicular 
actuators which can be moved simultaneously. The loading direction started at the centreline and 
rotated over the course of each 103 loading cycles. The Figure 2-29 shows the influence of loading 
directions on the normalised shear strain after 30000 cycles: multi-directional loading tests show 
a steeper strain accumulation reaching 16.7% (for ψ=90° in Figure 2-29) higher values than the 
accumulation recorded using uni-directional cyclic loading. A comparison between small scale 
models and element testing was presented by the same authors recently, Rudolph et al. (2014). 




Figure 2-29 Shear strain accumulation for 5 different loading direction changes (ψ) after Rudolph et al. (2014) 
Wichtmann et al. (2007) focused on studying the shape of the cycles and their directions with a 
modified simple shear. The apparatus allows horizontal movement of the sample’s bottom in two 
directions while preventing the vertical one (Figure 2-30a). The top cap was instead allowed to 
move along the vertical axes only. As conventional simple shear lateral deformations were 
prevented. Samples were prepared using dry pluvation technique, K0 consolidated and tested in 





Figure 2-30 Cyclic multidimensional simple shear (CMDSS) device on the left (a). Residual strain after a sudden 
90° change of cyclic loading direction (b), after Wichtmann et al. (2007). 
The authors found that accumulation of plastic strains was dependent on the shape and direction 
of the cyclic loading. Interestingly, the effect of change of loading axes produced a sudden 




acceleration on the strain accumulation ratio (Figure 2-30b). After 1000 cycles the polarization 
was changed by 90° and further 4000 cycles were applied. The temporary change in loading 
direction provoked an increase of plastic strains in CMDSS samples prepared at different initial 
densities. However, the magnitude of the change in accumulated strain is clearly independent of 
the initial void ratio. 
Even after the application of few thousands of cycles stressing the sample with multi-directional 
cyclic loading showed a remarkable influence on the stiffness, strain accumulation and 
liquefaction response of sands. Furthermore, these findings corroborated results from physical 
models (Cuéllar 2011; LeBlanc et al. 2010), some of which were presented in section 2.2.1.2. No 
laboratory testing has established yet a confident method to predict the long-term response of soil 
subjected to cyclic loading applied on a multiaxial space. Offshore conditions can vary greatly, 
and structures are likely to experience a substantial change in lateral load direction (wind or 
wave). Further testing is therefore required in order to gain confidence in predicting the effects of 
stress condition which can be experienced on-site. 
2.4 CONCLUSION 
An overview of the offshore wind energy market is presented herein. The geotechnical 
engineering aspects of the design should consider all the challenges involved in an offshore 
environment. Monopile foundations of OWT are designed to deal with specific tasks due to the 
harsh marine environment (storm, wave and wind) and to a long-term exposition of cyclic 
overturning moments and lateral loads.  
The design methodology relies on: (i) dynamic analysis which considers the excitation loads 
acting on turbine and support structure (tower substructure and foundation combined) and (ii) 
deep foundation design. This section highlights the need of a confident evaluation of the system 
natural frequency which has to lie between excitation frequencies of the rotor (1P) and the blade 
passing frequency (2P or 3P) in order to avoid resonance of the structure, amplification of stresses 
and therefore increase fatigue risk damage or failure.  
In the soil-pile-structure system response, the soil stiffness plays a fundamental role, it strongly 
affects the natural frequency of the whole system and any change of it could be detrimental for 
the whole structure. In a long-term perspective, a large amount of cycles may change the 
mechanical behaviour of soil surrounding the foundation.  
Full-scale monitoring is essential. Small-scale and centrifuge tests, despite having inherent 
limitations (scale effect, permeability, contact interactions), they have provided important insight 
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throughout the years. However, it appears that the general existing knowledge on these empirical 
methods is restricted to very short-term and in no case go beyond the first million of load cycles 
(Cuéllar 2011).  
Finite element analysis has the capability of modelling any geotechnical framework which offer 
enormous potential to the industry. Nevertheless, the development of appropriate soil constitutive 
models and soils structure interactions strongly rely on understanding of soil at the microscale 
level. 
The element testing performed in the past presented here, the review highlights the influence of 
major factors like cyclic amplitude and cyclic loading pre-history. In offshore wind turbine 
foundations, the soil is expected to behave in quasi-static conditions and the preloading conditions 
should simulate closely the ones on site. Soil stiffness, as a key design criterion, needs to be 
assessed it with confidence within the small strain domain and long-term testing will provide 
important information on potential fatigue effects. Furthermore, the effect of multi-directional 
loading is widely considered one of the major factor affecting the cyclic soil behaviour in terms 
of soil stiffness degradation and accumulation of strain, but it is not well-understood yet. 
  




3 NUMERICAL INVESTIGATION: 
STRESS PATH OF THE SOIL 
ELEMENT  
3.1 INTRODUCTION 
Numerical modelling methods are regularly employed because they provide an efficient and 
convenient approach to determine the response of soil surrounding deep foundation. Three-
dimensional finite element models, in particular, account for the soil mass continuity, 3-D 
boundary conditions and non-linearity of the soil-pile interaction. The discussion in the previous 
chapter highlighted that response of soil element during cyclic loading is largely affected by the 
applied loading conditions, which are highly variable and somehow still unknown in the 
surrounding of a monopile foundation. Therefore, a 3-D finite element analysis of a large diameter 
monopile foundation has been developed to investigate and understand the stress path induced in 
typical adjacent to the pile soil element during loading. The results of this chapter have informed 
and guided the experimental program carried out in the following of this thesis work. 
The 3-D finite element analysis of a monopile foundation subjected to lateral and vertical loading 
at the seabed level has been developed using Abaqus/CAE. The model is composed of a large 
diameter single monopile embedded in homogenous sand. The numerical analysis is divided into 
three main stages: the application of the geostatic pressure, the “installation” of the pile and the 
application of horizontal/vertical load at ground level. Widely located boundary conditions were 
imposed in order to consider the infinite extent of the foundation domain. The pile was made of 
steel with a stiffness and a length/diameter ratio typical of a rigid body. The granular soil 
behaviour was analysed using linear-perfectly plastic model. Details of the contact properties will 
be also presented in this section.  
3.2 3-D FINITE ELEMENT MODEL OF MONOPILE 
FOUNDATION 
The main parts interacting in the model are the pile and the soil (Figure 3-1). Their main features, 
such as dimension, material behaviour and meshing technique are described throughout the next 
sections. 




Figure 3-1 Finite element used to model the large diameter pile embedded in granular soil, main dimensions 
indicated. 
 Pile model 
3.2.1.1 Geometry 
Driven monopile is by far the most popular solution for a foundation of an offshore wind turbine, 
mainly for its applicability to most soil conditions, easy installation and simple yet robust design 
but also because its geometry is easy to replicate making it well suited for mass production 
(Kallehave et al. 2015). The next generation of wind farms are likely to move to further water 
depths (up to 60 meters) and the industry will have to deal with bigger foundations, longer blades 
and more powerful generators. Therefore, this analysis was performed considering an extra-large 
(XL) monopile foundation with a diameter (Dp in Figure 3-1) of 10 m. The overall pile length (Lp) 
was 6Dp, half of which was embedded into the seabed (Le=30 m in Figure 3-1). These model 




















Abdel-Rahman & Achmus (2005) 7.5 20 and 30 2.7 and 4 
Achmus et al. (2009) 7.5 30 4 
Wolf et al. (2013) 3 18 6 
Zdravković et al. (2015) 10 20 to 60 2 to 6 
Sharif & Bipul (2016) 3 to 4.5 12 to 21 4 to 6 
This thesis 10 30 3 
    
3.2.1.2 Material  
Linear elastic behaviour was assumed for the pile with Young’s modulus (Ep) of 210 GPa, density 
(γp) of 8500 kg/m3 and Poisson’s ratio (νp) of 0.33. While real monopiles are generally hollow 
cylindrical elements, in this exercise the pile was modelled as a rigid plain cylinder element. In 
this manner, the pile does not experience deformations during installation and it rotates, if 
subjected to horizontal loads, rather than flexing significantly. This is not only beneficial in terms 
of computational time (Sharif & Bipul 2016) but also may reflect the way in which the monopile 
foundations usually behave on site (Leblanc et al. 2010). 
 Soil model 
3.2.2.1 Geometry 
The three-dimensional geometry of the ground is an important aspect of the model: there is a need 
to eliminate the influence of boundary effects on the pile performance in order to obtain realistic 
results, but at the same time, the solution of the analysis must convergence in a reasonable amount 
of time. A typical circular shape of the soil domain was found advantageous for this analysis. The 
main dimensions comprised a width of 11Dp (Ds in Figure 3-1), and height of 5Dp (Ls in Figure 
3-1), which leaves 20 meters (0.67Lp) from the pile toe to the bottom boundary. These dimensions 
are generally considered adequate to eliminate the influence of the boundary effect as within the 
usual dimension adopted by previous authors (see Abdel-Rahman & Achmus (2005); Kim & 
Jeong (2011); Nasr Ahmed (2014)).  




The soil domain is modelled as a single layer of homogeneous sand. Mohr-Coulomb (MC) inbuilt 
constitutive model was used to describe the non-linear sand behaviour. The inbuilt elastic-perfect 
plastic model is based on the association between Mohr's circles of stress and the Coulomb failure 
criterion. The Mohr-Coulomb model, extensively used in geotechnical engineering practice, is 
also often used to characterize the behaviour of offshore soil (see Achmus et al. (2009), Kuo et 
al. (2012), Lehane et al. (2014), Mardfekri et al. (2013) and Fan & Long (2005)) because it is 
considered reasonably accurate when modelling the behaviour of laterally loaded pile problems ( 
Ahmed 2014). Due to its very high permeability, sands exhibit drained behaviour during cyclic 
loading as the rate of loading is considerably lower than the rate at which the pore water can move 
within the voids. Therefore, the presence of water was considered not relevant in the FE model 
and all the stresses will be considered as ‘effective’. 
Table 3-2 Soil model parameter for elastic (left) and elasto-plastic analysis 
Elastic Mohr-Coulomb plasticity 
Es 45 MPa Friction angles (φ') 35° 
Poisson Ratio (νs) 0.35 Dilatancy (ψ) 10° 
Unit weight (γs) 1600 kg/m3 Cohesion (c') 0.1 kPa 
The geotechnical properties of the granular soil, listed in Table 3-2, relate closely to the actual 
properties of the Hostun sand (Mandolini 2014). Although the analysis was performed in dry 
sand, a small cohesion (0.1 kPa) was necessary to find the convergence of the solution. The 
dilatancy angle quoted in Table 3-2 is the value relevant to conditions of plane strain and 
represents the strength of the soil in situ, prior to pile driving. The dilatancy angle (ψ), in triaxial 
condition, was derived from the empirical relations proposed by Bolton (1986): 
φ = φcs + 0.48 ψ         (3-1) 
considering a critical state friction value (φcs) of 30°, according to the result gathered from 
Escribano (2014) in medium loose Hostun sand samples.  




 Boundary conditions 
 
a) b) 
Figure 3-2 Boundary conditions in the Abaqus/CAE model: (a) lateral surface was restricted to x-direction 
(radial), (b) bottom surface was pinned to the model. 
The model bottom surface, located 20 meters below the pile base, was fixed against movement in 
any directions to simulate the presence of the bedrock (Figure 3-2b). The lateral curved surfaces 
represented the far field boundaries of the model and they were restrained in the radial directions 
(Figure 3-2a). Ground surface and the monopile foundation was free to move in all directions. 
The nodes belonging to the pile’s cross-section, at the middle height of the monopile, were 
restrained to a reference point (see “Coupling constraint” in Abaqus (2014)) located at the 
centroid of the section (Figure 3-3 top right). The reference point was the spot where horizontal 
and vertical loads were applied once performing the analysis; the coupling constraints any motion 








Figure 3-3 Coupling constraint between the reference point and the cross-section surface located at mid-height 
pile. 
 Contact interaction  
The nonlinear behaviour of the soil-pile interaction is modelled with Abaqus/CAE using a 
“surface to surface” contact discretization, where the steel pile, assumed to be less deformable, 
was meant to act as a master surface while the outer area, belonging to the soil domain, was 
considered as slave surface (Abaqus 2014 and Peiris et al. 2014). The contact behaviour at the 
interface was defined by normal and tangential components. The normal contact, which triggers 
only in case of a tight connection, was modelled as a “hard” contact (Abaqus 2014). Surfaces 
were also allowed to separate if tensile stresses occurred along the interface (see Leblanc et al. 
(2010), Byrne et al. (2017) and Peiris et al. (2014)). The tangential behaviour was governed by 
the Coulomb’s frictional model defined by a certain value of shear stress (τcrit) beyond which, the 
surfaces initiated mutual sliding. The maximum shear stress in the contact area was determined 
by the contact pressure (σn) and a constant coefficient of friction (μ) according to the following 
equation (3.2): 
τcrit = μ·σn           (3-2) 
In this analysis the coefficient was set as 0.35, value found within the proposed values in the 
literature (Wichtmann et al. (2008), Ko et al. (2016), Achmus et al. (2009) and Abdel-Rahman & 
Achmus (2005)). Friction was assumed to be isotropic and not dependent on the contact-pressure, 
temperature or slip-rate (Abaqus 2014).  
 Stages of the analysis 
Ideally, the numerical approach to study the behaviour of a driven pile should include actual initial 
in-situ condition, installation effects, equilibration of stress, static and cyclic loading as shown in 
Figure 3-4 (Doherty (2009) and Randolph (2003)). 





Figure 3-4 Schematic illustration of stress regime variation during pile lifetime, including the in-situ conditions, 
pile installation, consolidation and loading phases (Doherty 2009). 
However, the purpose of this numerical investigation was to investigate qualitatively the stress 
paths of typical soil elements located in the surrounding of a monopile foundation of a wind 
turbine structure, to understand typical stress paths to impose on soil element to represents typical 
offshore filed conditions. A quantitative estimation of imposed stress would have required a very 
extensive numerical analysis program aiming to explore the variability of many piles, soil and 
loading variables within their possible existence range. This was deemed beyond the scope of this 
doctoral work. Therefore, the analysis presented in this chapter is limited to only one geometrical 
and loading condition, while only three stages are considered in the analysis: initial geostatic 
condition, stress equilibration after pile installation and static load (both vertical and horizontal). 
3.2.5.1 Initial stage: geostatic stress state 
In the initial stage, the soil was brought to the typical in-situ at-rest condition. This was possible 
by imposing the geostatic stresses to the soil domain. Abaqus/CAE requires the values of vertical 
stresses (σv in Figure 3-5) at both top and bottom level of the model, then the stresses at each node 
are calculated automatically through linear interpolation. 
The coefficient of earth pressure at-rest (K0 in Figure 3-5) depends only on the Poisson’s ratio, 
according to the theory of elasticity formulated by Tschebotarioff (1973): 
K0 = νs/1-νs          (3-3) 
Considering a Poisson’s ratio value of 0.35 (see Table 3-2) the coefficient of lateral stress was set 
to 0.54 (Figure 3-5). During the initial step, the pile-sand friction was disabled. 




Figure 3-5 Predefined field imposed in Abaqus/CAE at the initial step of the analysis. 
3.2.5.2 Stage 2: “Pile installation” analogy 
In a real scenario, during the installation, the steel pile is erected upright and lowered on the 
seabed. The monopile then first slowly sinks into the seabed due to its own weight, then a 
hydraulic hummer is mounted above a special top cap of the upper end of the pile above the sea 
level. The cap allows an even distribution of the hammer blows around the pile section. Each 
consecutive hammer blow drives the pile further into the ground until the required depth. As 
mentioned in the previous chapter, the process develops extreme stresses, vertical displacement 
at lower depths, radial displacements alongside the shaft, particle breakage and localised shearing 
which at present cannot be fully modelled (Jardine et al. 2013).  
In this analysis, the pile was modelled as “wished-in-place” and the full effect of disturbance are 
not considered in this study. The driven installation is partly simulated by the monopile simply 
sinking into the seabed through its own weight and the process of hammering is not taken into the 
account. Once the gravity acceleration was trigged, the monopile, already embedded for half its 
length, only displaces further 37cm because of its own weight.  
3.2.5.3 Stage 3: Application of the load 
In the last stage of the analysis, the large diameter pile was subjected to either horizontal or 
vertical load. Both were applied at the “reference point” at seabed level. 
Axial case and bearing capacity 
The bearing capacity of the model pile was evaluated as a sum of the resistance contribution due 
to the lateral friction (skin friction) and the base resistance: 




Q=Qb+Ql          (3-4) 
While the first is a function of the base area (Ab), the vertical stress acting the pile tip level (σv,b) 
and the bearing capacity factor (Nq): 
Qb=qb · Ab=Nq · σv,b · Ab         (3-5) 
The skin resistance is dependent on shaft lateral area (Al), friction factor (μ) between sand and 
steel, and the average horizontal stress acting alongside the monopile (σh,avg).  
Ql=qs · Al= μ · σh,avg         (3-6) 
Considering Nq=50 (lower limit), μ=tan (φ)=0.7 and a coefficient of lateral stress (K0) of 0.54 (see 
Eq. (3-3)), the bearing capacity of the pile was about 470 MN.  
Lateral load and ultimate lateral capacity 
The magnitude of the applied horizontal load was determined as a fraction of the ultimate lateral 
capacity calculated using Broms (1964) method considering a short free headed pile in non-
cohesive soils. Short rigid piles tend to either translate along the loading direction or rotate around 
a centre of rotation (Figure 3-6) while long pile may show inflexion.  
 
Figure 3-6 Broms method (Broms 1964) to measure the ultimate lateral capacity of short stiff free-headed piles 
embedded in cohesionless soils. 
Assuming the pile’s end as the centre of rotation, the active earth pressure could be considered 
along with the pile length. The lateral resistance offered by the soil is maximum at the pile bottom 
(z=Le) and varied along the depth with the formula (Figure 3-1): 
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KB γs Dp z           (3-7) 
where γs and Dp were respectively the soil density (Table 3-2) and the pile diameter. For 
cohesionless soils Broms (1964) has assumed that the earth pressure KB was equal to 3 times the 
passive Rankine’s earth pressure :  
KB = 3 Kp = 3 tan2(45 + ϕ /2)        (3-8) 
Conservatively, the contribution of the end bearing was neglected. The maximum lateral capacity 
of 260 MN was found by moment equilibrium around the pile toe, for details see Broms (1964). 
The magnitude of the horizontal load applied to simulate the “service load” in this analysis (65 
MN) was chosen as 25% of the ultimate lateral capacity. 
 Meshing technique 
3.2.6.1 Pile discretization 
The geometry of the pile model was discretized using two typical linear elements employed in 
three-dimensional finite element analysis. For geometric reasons, the inner partition was built 
with 6-nodes triangular prisms (C3D6 in Figure 3-7) and the outer section with 8-nodes hexahedra 
(C3D8R in Figure 3-7), both split into 16 equal-height layers along the pile length (Figure 3-8a).  
  
a) b) 
Figure 3-7 Six-node wedge element (C3D6) on the left, hexahedral C3D8R element on the right (Abaqus 2014). 
Both the C3D6 and C3D8R elements were employed using reduced integration in order to 
minimize the computational time (Abaqus 2014) and avoid unintended accumulation of self-
stresses (Wichtmann et al. 2008). Despite being curved, these elements were used in a linear 
formulation rather than quadratic. The latter solution may produce more accurate results since it 
induced solver convergence problems due to a larger contact pressure oscillation. Therefore, it 
was decided to employ a finer mesh composed of linear hexahedral and prismatic elements. For 
certain element distortions, measured strain results as zero and consequently its stiffness. This 




problem can be mitigated by using appropriate control methods (Niemunis et al. 2005; Sharif & 
Bipul 2016) or using reasonably fine meshes (Abaqus 2014). 
 
a) b) 
Figure 3-8 Meshing techniques: monopile foundation on the left (a) and soil domain on the right (b) using C3D6 
and C3D8R elements. 
3.2.6.2 Soil discretization 
The meshing technique used for soil domain consisted in mostly 8-nodes brick elements, with a 
few wedge elements (≈1%) added for geometric reasons. Contrarily from the pile case, the soil 
domain offered a different mesh refinement.  
As shown in Figure 3-8b, the mesh was refined in three main zones, depending on the distance 
from the pile shaft: 
 Inner Ring (A1 in Figure 3-8b): 
The closest region to the pile, this area is located within a radius of 25m from the pile shaft until 
the pile’s end. The region has densely discretized hexahedral elements because higher stress and 
strains are likely to occur. This is the finest mesh of the model: the height is split in 16 layers 
from ground level and 20 elements in the radial direction. The number of vertical layers matched 
the number of finite element layers alongside the foundations to avoid potential convergence 
problems in the soil-pile interface.  
 Outer ring (A2 in Figure 3-8b):  
Further away from the pile, this volume surrounded the inner ring (A1), reaching the 30 meters 
below seabed (monopile’s end depth). A slight course meshing was found sufficient to capture 
the behaviour of the soil. 
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 Bottom ring (A3 in Figure 3-8b): 
Volume of soil from the pile toe to the lower boundary. The mesh is intentionally 8 times courser 
then A1 since was not considered in the analysis.  
Overall the mesh consisted of a total of 36368 nodes and 39638 elements, 704 of which were 
linear wedge elements of type C3D6. The FE mesh shown in Figure 3-8b was selected on the 
basis of a mesh-sensitivity analysis presented in detail in the next section. 
3.2.6.3 Mesh-sensitivity 
A mesh-sensitivity study was required to assess a balanced mesh discretization. Four additional 
simulations were performed varying the mesh size in the proximity of the shaft: three with a fine 
discretisation (N#3, N#4 and N#5), and two using course elements (N#1 and N#2). The models are 
shown in Figure 3-9, size changes were mainly occurring on the inner circle A1 volume (see the 
















Figure 3-9 Mesh sensitivity analysis: comparison between meshing technique from the coarsest N#1 to the finest 
N#5. 
For this preliminary analysis a horizontal load of 310 MN was applied at the reference point (see 
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Table 3-3 Features of the model produced for mesh sensitivity analysis: number of mesh elements within the 
inner circle and the maximum horizontal displacement achieved after the application of a lateral load of 310 
MN. 




N#1 2881 2.77 
N#2 13729 3.26 
N#3 21600 3.65 
N#4 40000 3.66 
N#5 172800 3.66 
Comparing the pile head displacements with the applied load along the radial direction (Figure 
3-10) show a noticeable change in results for courser meshes (N#1, N#2) which can lead to strain 
errors. Model N#3, N#4 and N#5, instead showed a rather small change in results, and, at the same 
time, offered a more accurate and detailed behaviour of the soil domain. However, remarkable 
differences were found on the computational time, for example, N#5 analysis run using multiple 
processors and it took several days to finish. Increasing number of elements and nodes increased 
the number of interactions and this could lead to unreasonable computational time. 
 
Figure 3-10 Load-displacement curves computed for different meshing densities 
N#4 produced results within 0.001% difference in terms of radial displacements using almost a 
quarter of the number elements of the following attempt N#5 (Table 3-3). N#4 represented a good 
compromise for the scope of this investigation, offering a fairly quick convergence of the solution 
and it guaranteed negligible differences in terms of pile-head radial displacement.  




3.3 MODEL RESULTS 
The results of the numerical analysis are presented in this section. First, a short description of the 
sign convention adopted, and nomenclature is provided followed by an outlook of the whole 
model behaviour. The ultimate bearing and lateral capacity were applied to the monopile, load-
displacement curves for both horizontal and vertical limit loads are reported. An analysis of the 
rotation of principal stress axes for laterally loaded pile is presented and finally, a discussion on 
the element stress paths with a proposal on the design of the testing programme of this 
investigation. 
 Nomenclature and conventions 
 
Figure 3-11 C3D8R brick elements selected to represent the soil behaviour around pile shaft  
For the following analysis, a grid of 12 soil elements was selected along 5 radial directions (Figure 
3-11) from the reference point. All the elements selected were discretized with C3D8R (Figure 
3-7b) mesh shape which possesses 6 faces, 12 edges and 8 vertices (nodes). The size of each 
element increased with the distance from the foundation. The height of a single mesh element was 
1.5 m, length (or radial distance) 0.8 m, while, the width (in the circumferential y-direction) 
increased with the distance from the pile. For the selected elements, the width varied within 0.45 
to 0.75 m. Mesh elements at the interface with the steel and granular material were not included 
within the selected elements (Figure 3-12), because the area at the pile interface usually shows a 
remarkable loss in strength after the pile installation, as confirmed by numerous author in the past 
for both clay and granular soils (Tsuha et al. 2012; Yang et al. 2010; Jardine et al. 2013). The 
same applies to the soil elements at the surface of the model. Each mesh element was named 
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according to its relative location on the grid using names which indicates the depth (from level 0 
to 3) with ‘Z’, the distance with ‘D’(from range 0 to 2)  and the angle from the loading direction 
with ‘A’ (from 0 to 90°), as shown in Figure 3-12.  
 
Figure 3-12 Grid nomenclature system: 12 soil element (3Dx4Z) in 5 different directions (A).  
The origin of the coordinate system was set at bottom of the model along the vertical central axis 
(Figure 3-13a). A tension positive convention is customarily adopted by Abaqus which 
contradicts usual stress convention for soil mechanics, therefore the data presented here will 
respect the software rule. It must be noted that the convention of positive compressive stress will 
be reinstated in the following chapters dealing with the experimental component of this doctoral 
work.  
A cylindrical system of coordinates was considered where z, y, x (Figure 3-13a) represented 
respectively the vertical, radial and circumferential directions. Stress response of the element was 





]        (3-9) 
Figure 3-13b showed the stress acting on the vertical (σz), the radial (σx) the circumferential (σy) 
plane and relative tangential stresses τzy (= τyz), τzx (=τxz) and τxy (=τxy). 





Figure 3-13 Sign convention used with cylindrical coordinates with the origin (0,0,0) located at the central node 
at the bottom of the model (a). Stresses components acting on the element (b). 
 Foundation response to vertical axial load 
First, the outcome of the numerical analysis, performed using the built-in MC model, were shown 
as pile’s load-displacements under axial load (Figure 3-14). The vertical loads applied at this stage 
corresponded to the bearing capacity (see section 3.2.5.3). The displacements were referred to the 
node in the central cross-section of the monopile (see reference point in 3.2.3).  
3.3.2.1 Axial vertical capacity 
During the “installation”, the monopile settled into the sand because of its own weight, the 
displacement reached 0.37m. However, in Figure 3-14 the settlements were set to zero as the 
attention is placed towards the settlement induced by further foundation loading. In a real 
scenario, these settlements were expected to be higher due to the open-ends shape of the 
commercially used monopile designed to helps transportation and pile’s penetration into the 
seabed. The modelled foundation was designed as a rigid solid cylinder with a base area (Ab) of 
78.5 m2 so the application of 2500 MN only caused a vertical displacement of 1 m (Figure 3-14).  




Figure 3-14 Vertical load against displacement in the vertical direction. 
Settlement for the applied load and geometries were evaluated using the Poulos & Davis (1968) 
method for single axially loaded incompressible cylindrical foundation using: 
ws=Il V / Es Lp           (3-10) 
where the displacement influence factor (Il) is a dimensionless parameter function of the geometry 
of the pile (Lp/Dp), the soil model chosen and pile stiffness factor (KE=Ep/Es) and it is indicated 
in Figure 3-15. The numerical predictions differ from the model results of only 0.32 m. 





Figure 3-15 Relation between pile stiffness factor (KE) and influence factor (Il) varying the slenderness ratio 
(Lp/Dp) from Viggiani (2003). 
 Foundation response to horizontal lateral load 
Results from the FE model in terms of pile’s lateral load-lateral displacements are first shown in 
Figure 3-16. The horizontal loads applied at this stage corresponded to the ultimate lateral 
capacity presented in section 3.2.5.3. Assessments of the stress distribution of the soil surrounding 
the monopile are presented herein together with the evaluation on the rotation of principal stress 
axes during the load and recommendations on simulating the behaviour observed in the FE 
analysis on soil element testing. 
3.3.3.1 Lateral horizontal capacity  
As mentioned previously, large diameter monopiles tend to act as a rigid bodies and therefore the 
whole beam would rotate around a centre of rotation which, due to the geometry of the monopile 
(Lp/Dp=3), is located around the pile end (approximately at 0.9 Lp).  
The radial displacement at the lateral ultimate load of 260 MN (section 3.2.5.3) was about 3 
meters, and it is noticeable that the load-displacement curve does not have a clear peak (Figure 
3-16). One of the intrinsic limitations of the Mohr-Coulomb model is the constant dilation which 
triggers once the sand reaches the yield surface. This implies that the soil rather showing failure 
it will continue to shear indefinitely. In real case scenario, a sand sample will reach a critical state 
Chapter 3: NUMERICAL INVESTIGATION: STRESS PATH OF THE SOIL ELEMENT 
64 
 
and dilation ceases, as shown in laboratory experimental tests in the literature. A modified version 
of the Mohr-Coulomb constitutive model in order to account for post-peak effect was presented 
by Sharif & Bipul (2016) and Roy et al. (2015). 
 
Figure 3-16 Horizontal load with the radial displacements of the reference point. 
The horizontal load (H) applied in this section was closer to a potential load that could experience 
an XL monopile having 10 m of diameter. The service load applied was only a percentage (25%) 
of the max horizontal load measured with the Broms (1964) method (section 3.2.5.3). However, 
since real offshore monopile are heavily subjected to lateral loads usually applied at a large 
eccentricity above the seabed, it is crucial that these structures maintain a limited amount of 
tilting. In order to ensure operational requirements, OWT structure should not exceed 2º to 5º of 
tilting, according to Wichtmann & Triantafyllidis (2012). The resulting max tilt (θp) obtained 
from the numerical analysis was 0.14°, associated with a lateral displacement of 0.076 m (i.e. 
θp=atan (0.076/30)). Therefore the model predicted a max tilt of less than 10% of the lower 
boundary of the max tilt allowed (2º).  
3.3.3.2 Overall stress distribution around the pile 
The second part of this analysis represents an investigation on the soil behaviour around the pile 
shaft. The contour lines in Figure 3-17 qualitatively showed the normal radial stress (σx) 
developed around the pile shaft. For practicality, the cut-views were selected along the same 
direction of the element of the grids (A=0º, 22.5º, 45º, 67.5º and 90º). By comparing the stress 
contours, it is clear that the horizontal load induces the largest normal radial stress in front of the 
pile  (A=0°) and the normal radial stress progressively decrease as the section rotates away from 




the direction of load application (i.e. from A=0° to A=90°). The stress distribution for the most 
loaded section shows that upper part of the monopile (approximately 0.6–0.7Lp) contributes for 
most of the lateral soil resistance (it can be noticed that for A=0° to 67.5°, the radial stress are 
very high at the surface, then they decrease  with depth up to a point when they start to increase 
again). The stress contours are also asymmetrical for A=0° to 67.5°, while they became 
symmetrical at A=90°. This is due to the different activation of passive and active stress 
conditions on either side of the pile. Passive resistance and high radial normal stress are also 
developed on the back of the pile towards its toe – generally at about 0.9 Lp depth. 
 
Figure 3-17 Contour plots for A=0º, 22.5º, 45º, 67.5º and 90º showing radial stress development due to the 
horizontal load (applied at A=0º direction) through a cut-views of the model. The direction of the lateral load H 
is indicated with a red arrow. 
The tangential stress developed after application of the lateral load varied with the distance and 
depth throughout the soil domain. Figure 3-18 shows the contour lines of the τxy (S13 in Figure 
3-18) on the radial-axial plane through four planar sections at different depths (Z=0, 1, 2 and 3). 
The most affected regions are the ones on the proximity of the monopile, especially the mesh 
elements in contact with the right face of the monopile, oriented in the opposite direction from 
the loading. The soil elements belonging to the deepest section (Z=4 in Figure 3-18) appeared to 
be more affected than the surface ones. In terms of magnitude, the τzx developed greater stress on 
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deeper sections (Z=3 and 4 in  Figure 3-18), contrary to the evolution of the radial stress in Figure 
3-17.  
 
Figure 3-18 Contour plots for A=0º showing the tangential stress (τzx) distribution due to the horizontal load 
(applied at A=0º direction) through planar sections cut at different depths Z=0, 1, 2 and 3. 
3.3.3.3 Analysis of stress paths of selected soil elements 
The aim of this section was to investigate the grid’s element response to the lateral load after the 
“installation” stresses. The evolution of the magnitude of all stress components is reported in 
Figure 3-19 against the progressive increase of lateral load (H). The selected stress evolutions in 
Figure 3-19 belong to the soil element at the top-left corner of the grid proposed earlier (Z=0 and 
D=0). The element in front of the pile shaft (A=0º) showed significant radial stress changes (σx) 
as the horizontal load increased. Soil elements located orthogonally from the loading direction 
(A=90º) developed the least change in radial stress but significant variation in the circumferential 
direction (σy).  








Figure 3-19 Stress progression during the lateral load for the element at Z=0 depth, D=0 distance, A=0°(a), 
45°(b) and 90°(c). 
It is clear that the analysis of the stress paths considering the six different components of the stress 
matrix in Eq. (3.9) is rather complicated. It would also be impossible to graphically represent the 
stress components in a six-dimension stress space. Reduction of the number of variables can be 
obtained if the principal stress components are determined. Given a specific stress matrix, the 
determination of eigenvalues and corresponding eigenvectors enable the derivation of the  
principal stresses and their directions with respect to the original system of coordinate. Such 
analysis will be carried out in the next section. 
3.3.3.4 Principal stress axes rotation 
The evolution of the stress matrix components and the developments of tangential stresses 
suggests that rotation of the principal stress axes was occurring, and the matter can be better 
investigated in a multiaxial stress space. As mentioned in the previous section 3.2.5, the main 
objective of this research is not the quantitative understanding of the stress state of specific soil 
elements, but the aim is a qualitative understanding of typical stress paths in order to select which 
laboratory elements test would be able to potentially reproduce such type of stress evolution. 
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Therefore, in the first instance, the attention is directed towards the directions of the principal 
stress axes and their evolution rather than in the magnitude of the principal stress themselves. 
This would be crucial to understand which laboratory apparatus can provide such degree of 
freedom in the control of eventual principal stress rotation. 
Figures 3-20 to 3-24 show the evolutions of the unit vector of principal stress directions for all 
the selected soil elements. Each figure refers to a particular orientation of A, progressively from 
0° to 90°. For each figure, the representation is in the cylindrical coordinates defined in Figure 
3-13. At the initial geostatic condition, the principal stress directions coincide with the direction 
x-y-z. The unit vectors are then colour coded to help understanding and visualisation. The red 
vector is the direction of the principal stress which was originally (at the geostatic phase) in the 
direction x, thus normal to the pile shaft. The green vector refers to the direction of the principal 
stress which was initially vertical. While the blue colour refers to the remaining circumferential 
principal stress direction. During application of stage 2, because of shear stress developed at the 
pile-soil interface, the principal stress direction changes from the initial x-y-z direction. These 
directions are represented by the initial unit vectors marked with the number 1 and with a 
continuous line in Figures 3-20 to 3-24. The vertical principal stress axes rotated from the z-
direction and approached the horizontal x-y plane (green vector). The principal stress normal to 
the pile (red vector) followed the same downward rotation while the circumferential directions 
remained unchanged. The “pile installation” affected uniformly all the soil elements around the 
pile shaft, at the same depth and distance from the pile. 
The following load stage was divided into 10 equal sub-loading steps to facilitate the visualisation 
of the progressive re-orientation of the principal stress directions. Please note that colours do not 
account for the relative magnitude of the principal stress, so it is not possible to discriminate 
among major, intermediate and minor principal stress. It is also not possible to detect any change 
in sign of principal stress axis (e.g. 180° rotation of principal stress directions). 





Figure 3-20 Principal stress directions in three-dimensional plots soil elements at A=0° with the loading 
direction, at various depth (Z) and distance from the pile shaft (D). 
 




Figure 3-21 Principal stress directions in three-dimensional plots soil elements at A=22.5° with the loading 
direction, at various depth (Z) and distance from the pile shaft (D). 
 





Figure 3-22 Principal stress directions in three-dimensional plots soil elements at A=45° with the loading 
direction, at various depth (Z) and distance from the pile shaft (D). 
 




Figure 3-23 Principal stress directions in three-dimensional plots soil elements at A=66.5° with the loading 
direction, at various depth (Z) and distance from the pile shaft (D). 
 





Figure 3-24 Principal stress directions in three-dimensional plots soil elements at A=90° with the loading 
direction, at various depth (Z) and distance from the pile shaft (D). 
The application of the horizontal load on the pile head had a different effect on the rotation of 
principal stress axes depending on the direction of the grid element. For A=0° elements (Figure 
3-20), both the red and green principal directions gradually rotated on the z-x plane as the lateral 
load increased. The imposed load increases the tangential stresses which lie on the x-z plane as a 
result of the vertical shear friction generated at the pile-soil interface. This is the effect suggested 
by Lam & Martin (1986) and by the recent PISA project (Byrne et al. 2017) which should lead to 
modification of commonly adopted p-y curves. As the load continues, the green and red vectors 
tend to move again towards their geostatic conditions as the developed tangential stresses 
counteract those developed during the “pile inclusion” stage 2. As the considered soil elements 
move away from the direction of load application (A=22.5° to A=90°) from Figure 3-21 to 25, 
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additional shear stresses on the x-y and z-y planes develop. These result in a complex re-
reorientation of all three principal stress directions. However, such effect progressively fades as 
the elements get more distant from the pile or they are located at deeper depths – for these 
situations, the rotation of only the green and red vector is reinstated or even apparent no rotation 
for A=90° (Figure 3-28). 
Since only a general idea can be gathered using these 3-D plots, especially because it is rather 
difficult to interpret 3-D plots in a 2-D coordinate system, the evolution of the rotations with 
respect to the original system of coordinates will be more carefully analysed in the following 
section. 
3.3.3.5 Evolution of the angles of principal stress directions 
The rotations of the three principal directions can be assessed using a combination of 3 invariant 
angles: γ, ρ and θ:  
 θ describes the angle between the direction of the initially horizontal principal stress (red 
vector in Figure 3-25) and the x-y plane; 
 γ represents the angle between the projection of the initially horizontal principal axes (red 
vector) on the horizontal plane (x-y) with the radial direction (x); 
 ρ represents the angle which described the rotation of the initial circumferential principal 
stress (blue vector in Figure 3-25) with the vertical direction (z); 
The rotation of three principal stress directions during the simulation implied the variation of all 
three principal stress directions because they are perpendicular to each other. If only one of the 3-
D angles varied instead, so only one rotation was taking place involves two of the mutually 
perpendicular principal directions. 





Figure 3-25 Schematic illustration of angles γ, ρ and θ to describe the rotation of the principal stress directions. 
The letter v, r and c (i.e. vertical, radial and circumferential, respectively) refer to the initial geostatic directions 
of the major, intermediate and minor principal stresses. Equations for all the angle are also indicated.  
The three angles have been computed using the eigenvectors for all the 60 elements selected 
nearby the pile.  
Influence of varying A 
Figure 3-26 reports all the computed angles for the same element Z1D0 taken from grids at 
different orientation around the pile (A=0°, 22.5°, 45°, 67.5° and 90°). The evolution of θ (Figure 
3-26a) was found to be similar within the elements: the major principal stress direction rotated 
towards the x-direction as the lateral load increased. The stress at the element perpendicular to the 
direction of the load (A=90°) showed a flat trend as the vertical interface shear stress are not 
expected to develop at this orientation. The mesh element at A= 90° instead showed a significant 
variation in γ (Figure 3-26b) which, as expected, suggests a large development of tangential 
stresses in the x-y plane as H increased. The remaining elements had variations within 10-15° 
from the corresponding initial values. The angle ρ varied gradually with the lateral push for most 
of the elements but Z1D0A0 (Figure 3-26c).  
 







Figure 3-26 Three-dimensional angles developed at element Z0D1 located at various directions (A=0°, 22.5°, 45°, 
67.5°, 90°) around the pile. 
Influence of depth 
The influence of the depth is presented in Figure 3-27 with the evolution of θ, γ and ρ with the 
lateral load, for soil elements fixed at A=22.5° at a fixed distance from the pile (D1). It is 
noticeable that the starting values of θ vary with the depth (Figure 3-27a): the initial rotations, 
developed after the pile is pushed in the ground by its own weight, are higher for superficial soil 
elements (Z=0 and 1) while deeper elements (Z=2 and 3) are subjected to the same initial rotation 
of θ. The horizontal load produces a rotation of major principal stress axis (v in Figure 3-25) 
towards the horizontal plane. Depths does not affect the initial values of the remaining 3-D angles, 
γ and ρ in Figure 3-27b and c. Regarding γ in Figure 3-27b, the superficial mesh elements are less 
influenced by the progression of the horizontal, showing very little rotation while Z=2 and 3 
elements were affected by an initial rise and a fall to 0°. The angle ρ tends to decrease with H 
from the initial 90° from the vertical direction (z Figure 3-25) with the exemption of Z0D0A23. 








Figure 3-27 Three-dimensional angles developed at elements D0A23 located at four depths (Z=0 to 3) alongside 
the pile. 
Influence of distance 
The three angles are also compared in Figure 3-28 to highlight the effect of the distance from the 
pile shaft. The mesh elements considered for the comparison are along the A=45° direction at 
Z=1. The γ angles (Figure 3-28b) show only little variations from the initial values, therefore in 
the case for elements at 45° from the loading direction, the principal stress direction (v in Figure 
3-25) rotated towards the x-axes without developing substantial tangential stresses on the x-z 
plane. The θ angles (Figure 3-28a) increase with the application of the horizontal load. The 
influence of the distance can only be observed by the difference in the rotation occurred after the 
“pile installation”. This suggests that stage 2 (section 3.2.5.2) of the analysis affected mostly the 
soil on the proximity of the pile shaft. The effect is also visible in Figure 3-18 which showed the 
distribution of the tangential stress through planar sections. In Figure 3-28c it is noticeable that 
the distance of the mesh from the pile shaft appeared to influence the rotation of the original 
intermediate stress direction (c in Figure 3-25). This may be due to a relative change of magnitude 
between the tangential and normal stresses developed in the correspondent planes. However, the 
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reasons for this behaviour are complex to address at this stage and further analysis will ease the 
comprehension of the three-dimensional distribution of stresses and their relative directions 





Figure 3-28 Three-dimensional angles developed at element Z1A45 located at various distances (D=0 to 2) from 
the pile shaft. 
 Suggestions for testing strategy 
How can we translate this stress response into an experimental investigation? Can we apply these 
stress paths in the laboratory? The outcome of the principal stress rotation analysis has revealed 
that different soil elements around the pile may experience different stress paths, although these 
stress paths are rather similar for soil element located at the same orientation with respect to the 
load application. 
To summarize and better visualise the results of the two previous sections, it is possible to divide 
the selected soil elements among three families, according to the stress path they followed. These 
are also represented in Figure 3-29, where the membership to different category is discriminated 
by the use of a different colour: 





Figure 3-29 Schematic view of the elements surrounding the model. The Inner Ring (section 3.2.6.2) sector is 
coloured accordingly to the number of principal stress rotation occurring to each soil element. 
 Case 1) About 30% of the soil elements considered in this analysis showed 
rotation of all 3 principal stress directions (green elements in Figure 3-29). This 
condition was triggered only the variation of at least two out of three angles 
presented in Figure 3-25. In this assessment, rotations have been considered 
meaningful only if θ, γ and ρ varied more than 10° from the initial conditions (i.e 
at H=0, after the “pile insertion” stage). The elements subjected to rotations of 
all three principal directions were mostly located at the A= 23°, 45° and 67.5° 
grids. Larger rotations were found at areas subjected to higher stresses and 
deformations, such as the proximity of the pile (D=0 or 1) and close the seabed 
surface (Z=0 or 1).  
 Case 2) Bit less than 85% of the soil elements in front of the pile shaft (A=0°), 
instead showed only a rotation of two of the principal stress axes while the third 
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one remained in position/rotated around itself. For almost all the elements in the 
A=0° grid, the only 3-D angle which varied was θ (Figure 3-26a), this suggested 
the development of only one tangential stress (τxz). In fact, in Figure 3-20, it was 
noticeable that the principal directions only rotated around the σ2 axis. Only 2 
elements in the A=0° grid experienced a rotation of the three principal axes 
during the loading. The number of mesh elements belonging to this case 
gradually decrease as the analysis moves towards A=90°, where only 40% of the 
soil elements have only one of the invariant angles vary over 10° from stage 1 
(blue mesh elements in Figure 3-29). 
 Case 3) Only a few elements (red ones in Figure 3-29) did not show relevant 
development of tangential stresses during the application of the lateral load on 
top of the monopile. This condition happened especially for the A=90° grid or 
soil elements which were considered either far from the pile or distant from the 
seabed level (see Figure 3-24). The rotations observed were limited (<10°) and 
considered negligible. This is often also related to a limited variation of stress 
level, due to the distance from the pile, or to the large magnitude of the initial 
stresses. 
The stress paths generated by the case 1 are not only complex to represent, but they are impossible 
to replicate in a laboratory. The soil elements showed developments of tangential stresses in three 
directions which indicated that all six components of the stress matrix might vary at the same 
time. Simulation of these stress paths would need an apparatus capable of controlling stress states 
with six-degrees of freedom. 
The response obtained by the soil elements belonging to the case 3, where no significant rotations 
of principal stress were identified, can be reproduced using a conventional triaxial test. A standard 
compression/extension tests allow the characterization of the behaviour of soil sample varying 
the magnitude of the principal stress components (only two out of three) without permitting any 
of their rotation.  
The loading paths obtained for the mesh elements gathered for the case 2, imply the variation of 
3 principal stresses plus 1 tangential stress out of 6 components of the matrix. These stress paths 
can only be obtained by using the Hollow Cylinder Torsional Apparatus (HCTA) which possesses 
4 degrees of freedom and the capability of testing in multiaxial conditions. HCTA has the 
capability to reproduce the stress state of the soil elements in term of directions of principal stress 
axes and their variations. It allows an independent control on the magnitude and directions of the 
major and minor principal stresses, at the same time can simulate the stress build-up and 




relaxation stages imposed by the installation and replicate the cyclic lateral load acting on top of 
the monopile foundations due to the environmental excitations (wind, wave and rotor dynamics). 
Since the results above show the constant presence of rotation of one or more principal stress axis, 
in the following experimental campaign it will be crucial to understand how the rotation of 
principal stress axes can affect the cyclic response of soil elements. At the same time, it would be 
very interesting to reproduce the real stress path numerically computed for the soil elements in 
front of the pile (A=0°). In a previous research (Mandolini 2014), the author performed an 
extensive experimental investigation using the HCTA at the University of Bristol. Hostun sands 
samples were monotonically brought to failure following a range of different loading directions. 
Results were gathered using normalized shear/deviatoric stress plots called “rosette”. The stress 
path obtained from the finite element in front of the pile (A=0°) can be represented in the same 
plot (Figure 3-30). Mandolini (2014) found that the Matsuoka-Nakai strength criterion (Matsuoka 
& Nakai 1974) was able to fit the experimental data, hence, to compare results from the numerical 
analysis, the failure line from M-N criterion is also reported in Figure 3-30.  
 
Figure 3-30 Normalised shear stress against deviatoric stress plot with results from soil element Z (0,1,2,3) D0A0. 
Matsuoka-Nakai (Matsuoka & Nakai 1974) failure line is also reported. 
The initial monotonic loading (A to B in Figure 3-30) developed mainly tangential stresses on the 
x-z plane, as expected, simulating the response of a soil foundation subjected to pile installation. 
The following path (B to C in Figure 3-30) highlighted the change in direction once the lateral 
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push started. Radial and shear stress acted on the soil element at the same time and the rotation of 
principal stress directions, ασ (later introduced in Eq. (4.5)) on this plane was about 15-20°.   
These conditions can be applied using HCTA considering the sample rotated towards the direction 
of the horizontal load (Figure 3-31) so that monotonic loading will be rebuilt by the application 
of pure torque (T in Figure 3-31) and the cyclic loads will be applied by a combination of axial 
force (H in Figure 3-31) and torque.  
 
Figure 3-31 Schematic diagram of the pile-soil interaction with an HCTA sample positioned in front of the pile. 
3.4 CONCLUSIONS 
This section presented a three-dimensional finite element model which simulated a laterally 
loaded monopile in sand with the purpose to better understand the stresses distribution around 
offshore monopile foundation. As mentioned in Chapter 2, sands are sensitive to the cyclic load 
characteristics, especially to the direction of stresses, therefore was important to identify the stress 
paths traced in the soil surrounding a pile. Stress matrixes for a selected grid of mesh elements 
demonstrated that the soil domain was subjected to a complex variety of stress paths (Andersen 




2015). Multi-directional loading conditions and rotations of principal stresses almost invariably 
occurred in foundation subjected to installation and consecutive service loads (LeBlanc 2009; 
Byrne 2011). This preliminary investigation was crucial before setting the experimental campaign 
of tests, as a result, HCTA was found to provide a multiaxial stress state which represents more 
accurately the real site conditions (Arshad & O’Kelly 2016; Sim et al. 2013).  
  








4 EXPERIMENTAL APPARATUS 
AND MATERIALS 
4.1 INTRODUCTION 
This chapter provides a detailed description of one of the most advanced soil testing devices, 
namely Hollow Cylinder Torsional Apparatus. The apparatus was able the reproduce the 
conditions which may take place to soil elements adjacent to pile shafts. This section presents the 
unique set of capability of the apparatus including a discussion of its limitations. Similarly  to 
Mandolini (2014), corrections due the use of the inner and outer membrane were considered in 
this present work.  
The precision of the instrumentation and a preliminary assessment of the performance of the local 
measurement system outfitted with the HCTA is presented by the end of the chapter. Three pairs 
of non-contact sensors were able to capture the small strain stiffness of the sample. To deal with 
the limited measuring range offered by the sensors, a complex mounting system were designed 
to allow the repositioning of each transducer during the test. The calibration of the small strain 
stiffness is presented together with the verification of previous calibrations performed (Mandolini 
2014) on the ancillary instrumentation of the apparatus. 
4.2 THE HOLLOW CYLINDER TORSIONAL 
APPARATUS 
 Principles of HCTA 
The HCTA is particularly suited for the investigation of the soil mechanical response under 
generalized loading conditions. Soil samples tested in the HCTA have a typical hollow cylindrical 
shape (as shown in Figure 4-1a) and the apparatus has the capability to control axial load (W), 
torque load (T) and internal and external pressure (Pi, Po) independently. This allows managing 
four different stress components: the axial (σz), radial (σr), circumferential (σθ) and shear stress 
(τθz) which entails respectively axial (εz), radial (εr), circumferential (εθ) and shear (γθz) strains. 
The four degrees of freedom are a unique peculiarity of this equipment, making generalised stress 
path testing in the multiaxial stress space possible. 
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4.2.1.1 Stress State in hollow cylinder sample 
A typical stress state of a soil element within a hollow cylindrical sample is illustrated in Figure 
4-1b, while the resulting stress state in terms of principal stresses is shown in Figure 4-1c. 
 
Figure 4-1 Definition of forces and stress state in hollow cylinder specimen: (a) Surface loads, (b) stress 
components and (c) main principal stresses on a representative element of the specimen’s wall (Mandolini et al. 
2018). 






]         (4-1) 
The four degrees of freedom provide remarkable testing capabilities, but this comes at the expense 
of unavoidable stress and strain variations within the sample. Thus, any stress/strain is deduced 
from average quantities. There have been several attempts to propose representative values of 
average radial and circumferential stresses (σr and σθ) within the sample (e.g. Hight et al., (1983) 
and Frydman et al. (1973)). Assuming an isotropic, linear-elastic response of the material and 




using the Lamé equations for hollow cylinder with thick walls, the relationships in Table 4-1 can 
be derived. The stresses are integrated over the whole volume of the sample and the curvatures of 
internal and external lateral walls are accounted. The expression for the shear stress (τzθ) in Table 
4-1 can be instead derived assuming a rigid plastic behaviour for the material and a uniform 
distribution of shear stress within the wall of the specimen. Note that ro and ri indicate respectively 
the inner and outer radii of the hollow cylinder sample, θs is the rotation at its top end, Hs 
represents its height, while the symbol Δ before the variable indicates its variation. 
Table 4-1 Equations for stress and strain components of hollow cylinder specimens (Hight et al. 1983; Vaid et 
al. 1990). 
 
Using the Mohr’s circle described in Figure 4-2 below, it is possible to derive the relationships 
between the three principal stresses (σ1, σ2 and σ3) and any given stress state of the sample (σz, σr, 
σθ and τθz): 
Axis directions Stress equations Strain equations 
a) Axial normal 𝜎𝑧 =
𝑃𝑜𝑟𝑜

























































































2        (4-3) 
𝜎2 = 𝜎𝑟          (4-4) 
From the Mohr’s circle it is also possible to derive an expression for the angle ασ which defines 
the inclination of the major principal stress (σ1) to the vertical axes as illustrated in the previous 




 𝑡𝑎𝑛−1  (
2𝜏𝜃𝑧
𝜎𝜃−𝜎𝑧
)        (4-5) 
The inclination of the major principal axis (ασ) can describe the direction of loading in the 
generalised multiaxial space which has a fundamental influence on the mechanical response of 
anisotropic soils. Its value can vary within the range 0° to 90°. Comparing various laboratories’ 
testing apparatus, ασ is the parameter which thoroughly interprets the stress path applied to the 
sample. There is a second stress variable b which is necessary to describe the applied state of 




          (4-6) 
The variable b can vary between 0 and 1 when the intermediate principal stress is equal to the 
minor (σ2 = σ3) or to the major one (σ2 = σ1) respectively. 
For this particular investigation and for most of the published works on the HCTA, an equal 
internal and external pressure, Pi=Po=P has been used, hence rand become both equal to 




applied pressure P. From Eq. (4-4) σ2 must be equal to P as well. Therefore, for this case, changes 
in ασ angle are accompanied by changes in the magnitude of b (Hight et al., 1983): 
𝑏 = sin2 𝛼𝜎          (4-7) 
When working in multiaxial stress conditions, it is also useful to define the stress state using the 
isotropic and deviatoric components which can be derived from the invariants of the stress tensor 
in Eq. (4-1). The isotropic component p is defined as one third of the trace of the stress tensor and 







        (4-8) 
For the stress state matrix described in Εq. (4-1), the deviatoric component of the stress can be 






+ 3𝜏𝜃𝑧2  (4-9) 




                        (4-10) 
In the particular case of pure axi-symmetric (i.e. conventional triaxial) compression (ασ=0°) and 
extension tests (ασ=90°), the value of q is governed by the difference between the axial stress σz 
and the other two perpendicular stresses (σr and σθ). For pure torsional tests instead (ασ=45°), the 
value of q is totally governed by the value of the shear stress τθz, being the axial, radial and 
circumferential stresses equal among them (σz =σθ =σr). For any other test, the value of the 
deviatoric stress q is the result of a combined contribution of τθz and the differences among the 
three normal stress components. 
4.2.1.2 Strain state in a hollow cylinder sample 





]         (4-11) 
where εr, εθ and εz are respectively the radial, circumferential and axial strains and γθz is the shear 
strain. The strains are also averaged within the sample. The various average strain components 
are calculated using the equations proposed by Hight et al. (1983) and Vaid et al. (1990) and the 
expressions are summarised in Table 4-1, in which Hs is the sample height, Hs represents the 
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axial displacement, ro and ri are respectively the change in the outer and inner radii and s 
denotes the angle of torque relative to the top of the specimen. 
Note that average values of strains are derived using a procedure which is based on strain 
compatibility only and thus, different from the resulting expressions for the stresses, are 
independent of the constitutive law assumed for the soil behaviour. 
Using a Mohr’s circle for strain similar to the one proposed for stresses in Figure 4-2, it is now 


























        (4-13) 
𝜀2 = 𝜀𝑟          (4-14) 
It is now convenient to introduce also the isotropic (or volumetric) and deviatoric components of 
the strains which are derived from invariants of the stain tensor. The volumetric strain εv 
component is defined as: 
𝜀𝑉 = 𝜀𝑧 + 𝜀𝑟 + 𝜀𝜃 (4-15) 








 Stress non-uniformities 
As previously mentioned, the advantage of having four degrees of freedom comes at the expense 
of dealing with a soil system rather than a uniform soil element. Generally, stresses (therefore 
strains) will not be uniform within the sample and this may produce inaccurate predictions of the 
calculated average stresses necessary to consider the sample as a hollow cylindrical element. 
Non-uniform distribution of stresses across the specimen wall arises because of the sample’s 
curvature and restraint ends effect. The end restraints may develop a radial shear stress due to the 
friction of the sample ends with the top and bottom platens. However, the extent of the disturbed 
area depends on the sample geometry. 




For cylindrical solid samples, such as those used in conventional triaxial tests, enlarged lubricated 
ends may be used to minimise end restraints effects. Unfortunately, these lubricated ends can not 
be applied to HCTA samples tested in this research. 
Some theoretical attempts have been proposed in literature to estimate the magnitude of stress 
non-uniformities. Hight et al. (1983), aware of the difficulties in evaluating either the stresses or 
the strains across the wall of the hollow cylinder sample, investigated the theoretical differences 
between the calculated ?̅? (using the relationship in Table 4-1) and real averages ?̅?∗ determined 
using a finite element method where a Cam-clay constitutive model for soil was adopted. A 
coefficient β1 which measures the difference between calculated and real average but normalised 
by a stress level factor (σL) was proposed: 
𝛽1 =  
|?̅?∗−?̅?|
𝜎𝐿
          (4-17) 




           (4-18) 
An additional coefficient (β3) was also introduced to quantify the level of non-uniformity of 
stresses: 





          (4-19) 
where σ(r) is the distribution of the particular stress component (σz, σθ or τθz) under consideration 
across the hollow cylinder specimen (Figure 4-3). Hight et al. (1983) suggested keeping the value 
of β3 < 0.11 and 0.9 < Po/Pi < 1.2 in order to achieve an acceptable degree of non-uniformity. 




Figure 4-3 Definitions used for stress non-uniformity (after Hight et al.,1983). 
A few years later, Vaid et al. (1990), demonstrated that the coefficient β3 proposed by Hight et al. 
(1983) may underestimate non-uniformities of stresses for particular stress paths. 
 
Figure 4-4 Elastic stresses across the wall, a) mean normal stress 300kPa, R=σ1'/σ3'=3, b=0, α=45°. b) Mean 
normal stress 300kPa, R=σ1'/σ3'=3, b=0.5, ασ =0° (Vaid et al, 1990). 
Figure 4-4 presents the stress trends across the wall of the specimen for two different tests at 
ασ=45° (Figure 4-4a) and ασ=0° (Figure 4-4b) along with the ratio between the minimum and 
maximum principal effective stress ratio (R=σ1'/σ3'). β3 values (Hight et al, 1983) indicated an 
acceptable degree of non-uniformity for both tests, but R trend in Figure 4-4b clearly shows an 
intolerable non-uniformity across the wall. Thus, a new index βr was introduced by Vaid et al. 
a b r
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(1990) to assess the degree of non-uniformity in terms of the ratio between the minimum and 
maximum principal effective stress. 
𝛽𝑟 =  
(𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛)
𝑅𝑎𝑣
          (4-20) 
where Rmax, Rmin and Rav are respectively the maximum, minimum and average value of stress 
ratios. Vaid et al. (1990) suggested that stress non-uniformity could be considered acceptable if 
the maximum difference between Rmax and Rav was kept below 10%, which basically means βr ≤ 
0.2.  
The size of the specimen can significantly affect the development of stress non-uniformities 
during the tests. Non-uniformity of stress distribution across the wall of the hollow cylindrical 
specimen can be minimized by selecting suitable specimen dimensions and by using the same 
internal and external pressure, as recommended by Saada et al. (1983). When the wall thickness 
is reduced or the inner radius is increased, the stress distribution becomes more uniform (Sayão 
and Vaid, 1991). 
Analysing a wide survey of hollow cylinder shear devices used by various researchers in the past, 
Sayão and Vaid, (1991) proposed the following Figure 4-5 where the sample geometries are 
plotted on the axes (Re – Ri, Ri/Re, H/2Re) and the points within the boxes represent those tests for 
which non-uniformities were within an acceptable range. Re and Ri represent respectively the outer 
and inner radii which before were indicated as ro and ri. The authors finally recommended this 
range of dimensions referring to the outer radius of the sample: 
 Wall thickness: Ro – Ri = 20÷26mm 
 Inner radius: 0.65 < Ri/Ro < 0.82 
 Height: 1.8 < H/2Ro< 2.2  




Figure 4-5 Collection of hollow cylinder sample dimensions by Sayão and Vaid (1991). 
 Influence of rubber membrane 
Two membranes, made from rubber latex material but with different diameters, are used to isolate 
the sample within the triaxial cell in the HCTA tests. Both membranes influence the boundary 
conditions of the sample: they both provide a restraining effect, but they can be pressed and 
penetrate into peripheral voids affecting volumetric measurement of the tested sample. These two 
effects are discussed in the following analysis. 
4.2.3.1 Membrane Penetration 
When the investigation implies a confining pressure applied to granular soil samples enclosed by 
two thin membranes, membrane penetration is a concern. Within a sand matrix there are relatively 
large spaces between granular particles which are filled up with air or water. In the lateral 
boundaries of the sample, where the latex membrane separates the sand from pressurised water 
in the cell, the membrane covers tightly the outline of the specimen following all the irregularity 
between grains. This effect is called the membrane penetration. Under changes of cell and inner 
sample pressures, the amount of membrane penetration varies and it may influence the volume 
change measurements of the sample, as illustrated in Figure 4-6. In the case of undrained tests, 
variation of membrane penetration may affect the volume constant conditions and largely 
influence the development of pore water pressure within the sample. 





Figure 4-6 Zoom on hollow cylinder wall: membrane penetration induced by internal (Pi) and external (Po) 
pressure (Mandolini 2014). 
One of the first attempt to evaluate the membrane penetration was made by Newland & Allely 
(1957) in drained triaxial samples. They proposed a correction considering material isotropy 
under hydrostatic load increments (εz =εθ =εr). The volumetric change due to the membrane 
penetration was computed as the difference between the total volumetric strain (εv) and three times 
the observed axial strain (εz). However, granular soils behave as anisotropic material which makes 
this method not completely accurate. 
Later the research of an accurate method to evaluate the magnitude of membrane penetration was 
directed toward the investigation on both the membrane surface area and the volume of the 
sample. Frydman et al. (1973), for example, investigated membrane penetration in both 
conventional triaxial and HCTA samples using different volumes and changing, particularly for 
the hollow cylinder samples, the internal diameter while the external was kept constant. The 
authors found a linear increment of the membrane penetration effect with the logarithm of cell 
pressure and they also proposed a relationship between the mean particle size D50 and the slope 
of the penetration curves (Figure 4-7). 




Figure 4-7 Membrane penetration linear relationships: a) effective lateral stress σ3 and unit membrane 
penetration vm; b) particle size d and slope S of membrane penetration curves (Frydman et al., 1973). 
For medium sand sample with a mean particle size of D50 ≥ 0.1mm the membrane penetration 
becomes a relevant issue and a correction should be applied, whereas it may be negligible for 
fine-grained soils (Molenkamp and Luger, 1981). 
Sivathayalan & Vaid (1998) suggested an alternative method for correction of the membrane 
penetration effects. They studied the difference between volumetric strain measurement directly 
on the specimen and those from the inner chamber of a single hollow cylindrical specimen 





         (4-21) 
in which εm is the unit membrane penetration (mm3/mm2), Vi and Vs are the measured volume 
changes of the inner chamber and sample,  is the ratio between the outer and inner sample radii 
and Ami and Ame are respectively the internal and external surface areas of the sample covered by 
the membranes. 
Baldi & Nova (1984) formulated two methods to correct the measured values for undrained and 
drained tests considering all the main factors which influence the membrane penetration effect. 
Factors which can influence this effect (such as grain size, confining pressure, rigidity and 
thickness of the membrane and volume of the sample) are all considered in the following 
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where D is the diameter of the specimen, V0 is the volume of the specimen, Em and tm are 
respectively the Young’s modulus and the thickness of the membrane, D50 is the mean grain size 
of the soil, σ'30 and σ'3 are respectively the initial and final effective confining pressures applied. 
Mandolini (2014) estimated the membrane penetration volume (Vm) for the outer and inner 
membranes accounting for the penetration effect on both the surfaces. The mean grain size (D50) 
used was 0.32mm, membrane elastic modulus (Em) of 2MPa, and thickness of the outer membrane 
(tm,o) 0.5mm, while for the inner a thickness (tm,i) of 0.3mm was considered. Calculations have 
been performed for the sample tested under the initial confining pressure (σ'3) of 30kPa and final 
confining pressure (σ'30) of 200kPa (Mandolini 2014). The variation of volume due to both the 
inner and outer membrane penetration is finally 823.3 mm3 which represents 0.08% of the initial 
volume. Therefore, volume variations due to the effect of the membrane penetration has been 
found negligible for the purpose of this research. 
4.2.3.2 Membrane Resistance 
In order to obtain accurate results of computed stresses, Tatsuoka et al. (1986) suggested several 
equations which consider the adding strength provided by the inner and outer rubber membranes 
during the torsional shear. These stress corrections for the membrane forces are obtained using 
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𝛾𝜃𝑧       (4-26) 
in which (𝜀𝑧𝑚)𝑜
 and (𝜀𝑧𝑚)𝑖
 are the average axial strains in the outer and inner membrane, (𝜀𝜃𝑚)𝑜
 
and (𝜀𝜃𝑚)𝑖
 are the average circumferential strains in the outer and inner membrane; in particular 
these strains were calculated as: 
𝜀𝑧𝑚 = 𝜀𝑧𝑚
∗ + 𝜀𝑧𝑘 + 𝜀𝑧         (4-27) 
𝜀𝜃𝑚 = 𝜀𝜃𝑚
∗ + 𝜀𝑟𝑘 + 𝜀𝜃         (4-28) 
𝜀𝑧𝑚
∗ and 𝜀𝜃𝑚
∗ are the initial membrane strains at the setting of membranes, 𝜀𝑧𝑘  and 𝜀𝑟𝑘 are the strains 
along the radial and axial directions during compression and 𝜀𝑧 and 𝜀𝜃 are the average axial and 
circumferential normal strains of the sample during torsional shear. 
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As for Mandolini (2014), in this study, in order to measure the membrane resistance it was 
assumed that all strains were equal for both inner and outer membranes and the initial strains in 
the axial direction (𝜀𝑧𝑚
∗ ) were considered null while the initial strain along the circumference 
(𝜀𝜃𝑚
∗ ) was for both membranes in the order of -0.02, according to Tatsuoka et al. (1986). 
4.3 HCTA FACILITIES 
The HCTA is a relatively recent apparatus developed at the University of Bristol and its 
description is provided by Yoon (2005) (i.e. first commissioning of the apparatus) and more 
recently by Mandolini (2014). The HCTA allows exploring advanced features of the soil 
behaviour in the multiaxial stress space including cyclic variation of the principal stress direction. 
A schematic representation of the experimental arrangement is described in Figure 4-8 which 
includes a synthetic view of the confining cell, volume change measurement setup, data 
acquisition and control system, manual pressure control scheme and the hydraulic loading 
apparatus. A detailed description of the HCTA constituents is given in the following sections. 
 






























1 Confining cell 7 Torsional displacement measurement 13 Applied outer cell pressure 
2 Manual Controlling System 8 Outer cell pressure measurement 14 Applied inner cell pressure 
3 Data acquisition 9 Back/Pore pressure measurement 15 Applied back pressure 
4 Axial load measurement 10 Inner cell pressure measurement 16 Vacuum 
5 Torsional load measurement 11 Inner volume change measurement 17 Air pressure 
6 Axial displacement measurement 12 Sample volume change measurement   
 Confining cell 
The confining cell (Figure 4-9) is made of thick transparent perspex and is designed to sustain 
internal water pressure up to 1 MPa. Twelve stainless steel bars are placed around the cell to 
connect the bottom and top corrosion resistant stainless-steel rings and plates. With a dimension 
of 960mm in overall height, 597mm in external diameter and 521mm in internal diameter, the 
confining cell offers a spacious working plane around the specimens during both installation and 
testing. A capacity of almost 200 litres allows a wide variety of measuring instrumentation. 
  
Figure 4-9 Hollow cylinder torsional apparatus wide-view picture located in the soil mechanics laboratory at 
University of Bristol. 
The top and the base surfaces of the cell are composed of corrosion-resistant stainless steel with 
high stiffness and include the air bleed value or outlet valve for draining water filled in the cell. 
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 Hydraulic dynamic loading system 
The “heart” of the system, hydraulics allow loading of the specimen and could supply the axial 
force, torque, external and internal pressure. The HCTA can be operated under two regimes of 
loading mode – hydraulic and pneumatic loading systems but in this investigation only the 
hydraulic has been used. Two servo hydraulic actuators located on the top of the triaxial cell apply 
the axial force and torque independently to the sample thanks to the hydraulic flow system. The 
hydraulic power comes from another laboratory with a flow of 200 l/s in the form of 
incompressible oil. 
 Cell and back/pore pressure system 
A central air compressor provides compressed air which can be manually regulated with 
manometers from the main panel (Figure 4-10a). Air under high pressure is split into 3 different 
air/water interfaces or “bladders” (Figure 4-10b) which can turn the incoming air pressure to water 
pressure. These units basically consist of sealed chambers with two compartments separated by 
an elastomeric diaphragm or membrane. The air pressure is applied to the bottom chamber while 
the top chamber is filled with water. Air water interface devices provide pressure for the triaxial 
cell, for the sample and for the inner chamber; these will be denoted respectively as cell pressure 
(CP) back pressure (BP) and inner pressure (IP).  
 
Figure 4-10 Manual pressure regulator (a) and air water interface devices (or ‘bladders’) (b) (Mandolini 2014).. 
 Measuring instrumentation 
In this investigation the measuring instrumentation system has been found to be already recently 
calibrated. However, all the devices involved (such as: load cell, sample and inner cell volume 




change, cell, pore and inner pressure transducers) have been checked in order to confirm the 
accuracy of the measurements and a detailed analysis is provided in section 4.5. 
4.3.4.1 Axial force/displacement and torque/rotary measurements 
Force and torque imposed on the hollow cylindrical sample are measured by a submersible 
internal combined load cell (Figure 4-11a). It is situated inside the triaxial cell on its top surface, 
along the central loading ram for the hydraulic loading system. The outstanding advantage of the 
submersible load cell is the elimination of the effects of piston friction from the load 
measurement. The load comes with its own factory calibration parameter (checked at regular 
intervals) and it is capable of valuating a maximum axial load up to 8000 N and maximum torque 
to 400 Nm. During the loading, a linear variable displacement transducer (Model: ATC1000) and 
a rotary capacitive displacement transducer (Model: RCDT 300) were used for measuring 
respectively axial displacement and angular rotational displacement (Figures 4-11b and c). 
 
Figure 4-11 Picture of the submersible load cell (a), LVDT (b) and RCDT located on top of the confining cell (c) 
(Mandolini 2014). 
4.3.4.2 Inner/outer cell and back pressure measurements 
All the main pressures were measured by using electronic pressure transducers (Model PDCR 
4010) which link pressure transducer blocks to the acquisition data system (Figure 4-12a). These 
are capable of covering a wide range of pressures from 0 to 700 kPa. 
As shown diagrammatically in Figure 4-8, the outer pressure transducer was placed at the bottom 
of the cell base and sealed with a thread sealant. The inner pressure transducer was installed on a 
mounting brass block between volume change and sample inner chamber while the pore pressure 
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transducer was positioned along the sample saturation line exit and connected to the upper 
drainage connections of the top cap.  
 
Figure 4-12 Electronic pressure transducer (a) and gauges for inner, cell and pore pressures (b) (Mandolini 
2014). 
Analogue pressure gauges for inner/outer and pore pressures were set after all the air/water 
interfaces to confirm the pressure levels coming from the electro transducers (Figure 4-12b). The 
operating pressure range of the transducers used in this investigation cover a range of pressures 
from 0 to 1000 kPa with an accuracy of 2.5 kPa (according to the manufacturer's specifications). 
 Inner cell and sample volume measurements 
Thanks to the double chamber units connected to the linear displacement transducer in Figure 
4-13, volume change measurements were taken from both the sample and from the inner cell 
chamber. The volume change gauge (Figure 4-13) is basically a hollow trick-walled cylinder 
which contains a precision-machined calibration chamber filled with 100ml de-aired water with 
a floating piston sealed against it. The piston is also externally connected with an LVDT so each 
volume variation is proportional to a piston linear movement with accuracy of at least ±0.05ml. 





Figure 4-13 Sample volume change (a), inner chamber volume change (b) (Mandolini 2014). 
Inner cell and sample volume measurements are needed to determine the sample deformations 
during the test, in particular for this investigation in which the cylindrical sample is assumed to 
deform uniformly. For instance, in order to obtain the variation of the internal and external radii 


















− 𝑟𝑜  (4-30) 
 
where the ΔVi indicates changes in the inner chamber volume while ΔVs are the sample volume 
variations. 
 Data acquisition system and control 
The data acquisition module used for collecting all the incoming signals from the electronic 
measuring system was the Instron multi-axis FastTrack 8800 Controller which provides up to six 
axes of control. These signals come from HCTA transducers (e.g. load cell, pressure transducer, 
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LVTDs, RVDT and non-contact sensors), converted into digital signals by Instron through a signal 
conditioning unit with 16 channels, each having 19-bit resolution, and sent to a host computer. 
The data acquisition and display programme are based on a graphical programming language 
called LabVIEWTM, which allows access to most of the features of Instron controllers from a 
computer. The software collects measurements by transducers and controllers connected to the 
data acquisition system and calculates the relative force, pressures, stresses, displacements and 
strains. These values can be either displayed on the screen or saved in a raw data file. LabVIEWTM 
embodies a front panel and a block diagram. The front panel is the interface, completely 
customizable from the operator, which also allows the monitoring and the control of test condition 
during the loading. Parallel to LabVIEWTM, Instron MAX was employed as data acquisition back-
up system. Instron MAX was also used to capture the signal when a faster or more detailed 
recording was required (e.g. investigation points, higher cyclic loading frequencies) as the 
software allowed a recording time up to 10 Hz.  
 Ancillary equipment 
4.3.7.1 De-aired water and magnetic stirrer 
The de-aired apparatus was composed of a de-airing tank with a capacity of 2 litres, a rotating 
small ball magnet and a magnetic stirrer. The magnetic stirrer is used for preparation of de-aired 
water to supply the inner cell and sample. 
Vacuum was applied for one hour before the start of each test to the aired water. The vacuum was 
provided by a Venturi system located on the upstream side of the tank and its purpose was to 
collect and evacuate the air dissolved in the water. The bar magnet, placed in the bottom of the 
de-airing tank, stirred the water in the chamber, creating a little swirl which allows dissolved air 
to be separated from water quickly. 
4.3.7.2 Equipment for sample fabrication 
A series of devices has been designed to prepare granular soil specimens for the HCTA. Figure 
4-14 shows all the equipment needed to fabricate the specimen, such as: 
 Inner (a) and outer (b) mould composed of three distinct elements each; 
 porous stones in the upper cup (c) and lower (d) annular base pedestal; 
 (e) inner bottom membrane clamping ring and its beam (f); 
 (g) top cover with six hexagons fixed on it. 





Figure 4-14 Equipment for specimen fabrication (Mandolini 2014). 
The first step is to set up the inner chamber. The bottom clamping ring goes inside the annular 
base pedestal and the inner membrane is sealed in between them (Figures 4 14e and f). The inner 
mould (Figure 4-14a), formed by an assemblage of three metal segments is built on top of the 
annular base and has to be fixed in the upper surface with a small plate and three bolts. The outer 
mould (Figure 4-14b), formed by three pieces as well as the inner one, is supported by the annular 
base and it has connections for suction. The edge of each piece has a pair of bronze connections 
which are connected to each other by bolting. 
Both lower base pedestal and upper caps are composed of a stainless-steel base, with two annular 
porous stones screwed into it (Figures 4-14c and d). Each stone has six thin metal teeth used for 
uniform transmission of torque load to the sample. Porous stones have also drainage and pore 
water pressure lines connected to the pressure transducer for the upper cap and to the volume 
change transducer for the annular base pedestal. This last one has also an inner drainage, passing 
through the bottom clamping ring, which is used for both applying the pressure to and measuring 
the variation in volume of the inner chamber. A top cap also has a section for tightening rubber 
membranes of the inner cell using O-rings. A top cover is designed for sealing the inner membrane 
enclosed with an O-ring by screwing eight bolts. It is also made of stainless steel and has an air 
bleeding valve for expelling trapped air while filling the inner cell with de-aired water. Six hollow 
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hexagons are screwed on the upper surface used for connecting the sample to the load cell (Figure 
4-14g). 
4.4 SMALL STRAIN MEASURAMENT SYSTEM 
The determination of small strain provided by external measurement systems contains errors and 
should be avoided. For small-strain stiffness evaluation, the accuracy required is at least 10-3% 
and can only be achieved by measuring strains locally, remotely from the end platen and typically 
within the central part of the sample (Scholey et al. 1995). The errors are not only due the limit 
on the resolution of conventional instrumentation but also due to tilting of the sample, bedding at 
the end platens and the effects of compliance in the apparatus (Viggiani & Atkinson 1995; Jardine 
et al. 1984; Hoque & Tatsuoka 2004; Scholey et al. 1995). Internal strain transducer in axial, 
radial and circumferential direction help to minimise these errors in order to get more realistic 
soil strains.  
 Typical strain measurement systems 
The soil stiffness at small strains can be determined with (i) specially designed testing apparatus 
like resonant column test, from the evaluation of body wave velocity through the sample (bender 
elements) or with (ii) high-resolution instrumentations, such as, non-contact transducers, fibre 
optics, LVDT, Hall Effect and Local Deformation Transducer (LDT) for example. Modes of 
operation, benefits and limitations have been presented at the 2011 Rankine Lecture by Clayton 
(2011), a short summary of the currently most common methods is presented herein. 
Bender element. This dynamic testing method consists in two thin piezo-ceramic plates with a 
conductor in between. The voltage causes the piezo-ceramic ‘bimorph’ to bend generating a 
seismic wave though the sample. The elastic shear modulus (horizontal or vertical) is evaluated 
by determination of the wave velocity (i.e. travel distance and times). The bender element has 
become increasingly popular over the past decade for being an accurate measurement system, 
compact in size, hence, easy to install in the most common testing apparatus. However, in case of 
HCTA, the shear wave travelling through the thin-walled cylinder samples may interfere with the 
boundaries, and the accumulate noise may invalid the measurements. The main issue in using the 
bender element is represented by the difficulty in the interpretation of the signal, particularly in 
defining the ‘first break’ of the shear wave (i.e. picking the arrival time). Due to the intrinsic 
complexity of the wave propagation process within the specimen, the method of interpretation is 
not fully standardised yet (Clayton 2011). Moreover, determine the stiffness of the tested material 
at the high strain it is not possible using bender elements (Escribano 2014). 




Resonant column testing. One of the most enduring method of determining the shear modulus and 
Young’s modulus of soils. The cylindrical soil sample is increasingly vibrated in torsion (or along 
axial direction) at its bottom end. An accelerometer, mounted at the opposite end, measures the 
fundamental frequency of the sample (i.e. peak in the amplitude of the vibrations) from which the 
shear modulus and Young’s modulus can be evaluated. The resonant column is a reliable test and 
it can measure stiffness at wider range including high strain level. However due to various 
apparatus compliances the measurements need to be adjusted (Clayton 2011) in order to produce 
realistic assessment sample stiffness. Furthermore, there is a minimum coefficient of friction 
between the loading platen and the specimen, if not achieved, slippage between the specimen and 
the loading platen may occur and cementing of the specimen is enforced. An example of resonant 
column testing performed with HCTA was described by Sim et al. (2013). 
Local transducer are a direct point-wise measurement of small strain and stress amplitudes. A 
system of different transducer can single out the central portion of the cylinder sample avoiding 
issues such as compliance of the loading system and bedding/seating errors (Ibraim et al. 2011). 
Local small strain stiffness can reach resolution of 10-3-10-4 mm, on the downside, the 
measurement range is usually limited, and therefore, in case of an analysis on soil stiffness with 
evolution of the stress level, re-positioning of the transducer is necessary.  
 Non-contact displacement transducers  
Within the local transducers, non-contact sensors have excellent technical qualities and they are 
able to offer very high-performances in terms of resolution of the measurements, linearity, long-
term stability particularly when submerged (Ibraim et al. 2011). The measuring system operates 
without contact but using the eddy current effect built from the interaction with a conductive 
material.  




Figure 4-15 Schematic representation of the eddy current effect between the sensor and a conductive material. 
The eddy currents operate with magnetic fields: the sensor generates an alternate current (Figure 
4-15) which induces small currents (eddy) in the target material. The interaction of the magnetic 
fields is dependent on the distance between the probe (sensor tip) and the target, therefore, as the 
distance changes, the electronics sense the change and send an output voltage to the data 
acquisition system. 
In the study of the small strain stiffness at different stress levels using non-contact transducers, 
the technical challenge is represented by the limited measurement range of these instruments. 
However, the setting developed at the University of Bristol was designed to allow the independent 
reposition of the transducers from outside the HCTA cell. The strain measurement system was 
accommodated around the sample using a structure of coupled sensors to determine the three-
dimensional displacement.  
 Laboratory set-up  
The HCTA is equipped with a complex system of six non-contact transducer with the aim to 
provide access to the soil stiffness including its evolution with the general strain and stress levels. 
Although all six sensors were designed to move independently in order to allow small adjustments 
of their position during the test, the targets, towards which the sensors were aiming, were instead 
fixed with the sample (Figure 4-16).  





Figure 4-16 Schematic representation of the strain measurement system mounted around the specimen. 
The measuring system required target made electrically conductive non-ferromagnetic material 
(e.g. aluminium) and with a dimension larger than 1.5 times the probe diameter. Sensors S1, S2, 
S3 and S4 (Figure 4-16) aimed towards thin aluminium plates screwed into two metal rings with 
diameter about 20% larger than the sample diameter. Each of the rings were fixed to the sample 
using three 3D printed thin stripes glued to the outer membrane. The synthetic thermoplastic 
polymer stripes (20 mm in length), despite being very light in weight, had high tensile yield 
resistance with good bending properties. This provided flexibility during the installation and 
ensured horizontality of the rings during shearing. Outer radius sensors, S5 and S6 in Figure 4-16, 
aimed towards square-shaped aluminium foils placed, prior the dry sand deposition, on the 
internal side of the outer membrane. Both non-contact transducers were mounted on two stainless 
steel bars alongside the specimen (Figure 4-16). Details of the mounting procedure will be 
provided in the next chapter.  
 Analysis of the three-dimensional strains 
The small strain measurement system evaluated the deformations of the central part of the hollow 
cylinder specimen volume. This smaller volume of height Hc (see Figure 4-16) could deform in 
the axial z, radial r and circumferential θ direction, as shown in Figure 4-17. The components of 
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the central hollow cylinder strain matrix (εz,c , εr,c , εθ,c and γθz,c) were evaluated by data collected 
by the sensors and defined as: 
εz,c=  – dz / Hc (4-31) 
εr,c= – (Δro,c – Δri,c) / (ro – ri) (4-32) 
εθ,c= – (Δro,c+Δri,c) / (ro+ri) (4-33) 
γθz,c = θ,c · rave,c / Hc  (4-34) 
The axial deformations (εz,c) depend on the axial displacement measured by the distance between 
the S2 and S1 sensors (dS2 and dS1) with their relative targets. 
dz=dS2 – dS1 (4-35) 
The sign was decided in agreement with the external strain measurement convention.  
Accounting for (i) |dS2|>|dS1| as the forces were applied at the top of the specimen hence the S2 
transducer measure a larger displacement than S1 and (ii) the direction of the sensors as S2 and 
S1 were installed facing each other (Figure 4-17c). 
 
Figure 4-17 Deflection of the central part of the sample, in the circumferential (a and b), axial (c) and radial 
directions (d). 
 




In the radial and circumferential directions, Δro,c and Δri,c (Eq. (4-32) and (4-33)) represented the 
variations of outer and inner radius of the central volume of the sample. Inner radius variations 
were assumed uniform along the height of the sample (i.e. Δri,c = Δri ), so evaluated from the 
volume change of the inner chamber combined with the vertical sample displacement (Eq.(4-29)). 
The outer radial sample displacements (Δro,c), instead, were directly measured by the sensors S5 
and S6 (Figure 4-17d) and deducted from the average radial displacements (dS5 and dS6): 
Δro,c= (dS5+dS6)/2 (4-36) 
The shear strains of the central part of the sample (Eq. (4-34)) were calculated as function of the 
angle of twist θc, the average between ro,c and ri,c and the height Hc. In particular, the twist was 
measured as the different between displacements of the circumferential non-contact transducer 
(S3 and S4 in Figure 4-17a) divided by ro+dS (Figure 4-17b): 
θc= (dS3 – dS4) / (ro+dS) (4-37) 
Note that the factor (ro+dS) represents the distance from the centre of the sample to point where 
the sensor meets the target. The distance Hc and dS were measured with a calibre at the beginning 
of the test and assumed constant throughout the shearing. 
4.5 PRECISION AND ACCURACY OF THE 
INSTRUMENTATION 
The hollow cylinder measurement system is considered reliable if it is both precise and accurate. 
The accuracy is considered the degree of closeness between the measured and the real value. 
Calibration is the tool that guarantees a proper accuracy in any experimental test campaign. The 
calibration of the pressure transducers, LVDTs and load cell was performed during a previous 
investigation (Mandolini 2014) and required only a verification at the beginning of the testing 
experience.  
 Volume change calibration 
Changes in sample volume and internal chamber volume are measured by two A/W membrane 
devices (Figure 4-13). In order to calibrate those, they were disconnected from the system, the 
volume of water was measured downstream while pressure was increased upstream to allow de-
aired water to flush out. Water was then let drop in pre-weighted baker, placed on a precision 
scale, at small increments of about 3 grams and the digital displacement was manually recorded. 
Figures 4-18a and b show the volume of de-air water (1gH2O=1mlH2O) flushed out from the inner 
and sample volume change devises against settlement recorded by LVDTs. 




Figure 4-18 Calibration of the Air/Water membrane for measurement of inner (a) and sample volume change 
(b).  
Next, the LVDT was detached by the volume change device, mounted on a micrometer screw 
gauge and clamped with plastic screws. A set of small increments of displacements was applied 
and the displayed reading was measured. Figures 4-18c and d collect the digital readings and the 
relative displacements showing an almost perfect match between the two. Therefore it was 
assumed that the calibration factors found by Mandolini (2014) were accurate and it was decided 
to maintain them for this investigation. 
 Pressure Transducer, load cell and external LVDT 
verification 
Verification of the calibration factors were performed also for the pressure transducer 
mounted around the HCTA. The validation process was performed against the Budenberg 
Hydraulic Dead Weight tester (Figure 4-19).  





Figure 4-19 Budenberg hydraulic deadweight system to verify the calibration of the load cell and pressure 
transducers (Escribano 2014). 
Inner, outer and pore pressure transducer were connected to the dead-weight gauge tester and 
tested over few measurements up to 800kPa. The pressure system was firstly flushed out with de-
aired water ensuring that all the connections and fittings were air-free. Next, a set of specific 
pressures were applied with the Budenberg tester (Figure 4-19) by sitting up few specially 
designed weights on a floating piston of known area. Further details on the procedure are provided 
in Mandolini (2014). 
Figures 4-20a, b and c present the results from the verification of the inner, outer and pore 
pressure transducers. The slope of the linear interpolation was very close to 1, hence the 
calibration performed by Yoon (2005) was considered valid for the present experience. 
Similar outcome for the validation of the load cell measurements. The recorded output voltage 
from the load cell plotted against the applied load in Newtons is presented in Figure 4-21.  
 




Figure 4-20 Verification of the inner (a), outer (b) and pore pressure transducer (c) against the Budenberg 
hydraulic deadweight tester. 
 
Figure 4-21 Verification of the load cell against the Budenberg hydraulic deadweight tester. 




The displacement of the sample is measured by a “no friction” LVDT positioned outside the 
triaxial cell. It was decided to verify the calibration factor provided by Yoon (2005) applying 
small displacements of 0.5mm for a range of 50mm. The LVDT was placed in a calibration 
deviced, locked using plastic clamping screws and connected to a vernier which was able to apply 
the required settlement with an accuracy of 1/100mm. Settlements were then manually recorded 
and compared aganst the applied displaments in Figure 4-22. The slope expressed in the line 
equation (Figure 4-22) is very close the unit and also R2 of 0.99998 proved the calibration factor 
to be still valid. 
 
Figure 4-22 Verification of the linear variable displacement transducer (Model: ATC1000) to measure the axial 
displacement of the sample from outside the cell. 
 Calibration of the non-contact displacement transducer 
In this section is presented a preliminary calibration test needed to validate the stability and 
accuracy of the output signal from the transducers. Each sensor was calibrated using a high-
precision micrometer screw gauge mounted on a tripod (Figure 4-23a). The micrometer is 
composed of a rotating thimble with the vernier scale, a sleeve with the main scale and a spindle. 
The target, which moves towards and against the tip of the sensor (Figure 4-23b), is attached to 
the spindle of the micrometer device. The sensor was fixed at the bottom plate of the tripod with 
three plastic screws, while the micrometer was firmly attached at the other end (Figure 4-23a). 




Figure 4-23 Micrometer calibration device mounted on a tripod (a) and details on the sensor aiming the 
aluminium target to assess the measuring performance under water (b). 
Environmental factors like temperature change, magnetic field, electronic noises from other 
devices, unstable main supply voltage, need to be account during the calibration process in order 
to determine accurate value of the calibration constants. Linear displacement measurements with 
eddy-current sensors are immune to foreign material in the measurement area and tolerant to dirty 
environment, but they have some sensitivity to temperature. A constant temperature of 21°C was 
set in the geomechanics laboratory, weeks prior the calibration procedure to reduce any 
environmental effect which may lead to measurement errors. Calibration was performed in 
conditions which mimicked the operational conditions of the sensors. For instance, each sensor 
was submerged in water and the target material was replicated to legitimately simulate testing 
conditions.  
Sensor S1, S2, S3 and S4, once operational, aimed towards small aluminium plates attached on an 
aluminium ring around the sample (see Figure 4-16). An aluminium target was designed to fit the 
tip of the sleeve in order to perform the calibration of this sensors (Figure 4-24b). The procedure 
was carried out underwater. A small cylindrical cup made of perspex was manufactured to keep 
target and sensor submerged (see details in Figure 4-23b). The sensor tip was threaded through a 
small hole at the bottom of the cap.  





Figure 4-24 Target in perspex and aluminium specially manufactured to act as target for the local measurement 
system. 
The radial sensors (see S5 and S6 in Figure 4-16) instead, once in position, pointed towards a 
small piece of aluminium foil placed in between the membrane and the sand. To simulate that 
scenario, a different plug, made of a transparent non-conductive material (i.e. perspex), was 
fabricated with a laser cutting machine (Figure 4-24a). The plug was then covered with aluminium 
foil to act as a target surface.  
All the transducers were initially set to the offset-distance of 0.2mm (Figure 4-25) in order to 
avoid damaging the sensor probe by applying pressure on the target. The calibration was finally 
performed by adding extremely small displacement increments of 20μm over a range of 2mm 
while and recording the output voltage. The output signal was manually recorded with an external 
voltmeter wired in series. The results, gathered in Figures 4-25a to g, show almost perfectly linear 
trends between the voltage readings and the applied displacements.  
 





Figure 4-25 Calibration of the non-contact transducers while operating underwater: voltage readings against 
displacements. A small sketch of the target configuration is provided on the left.  
Figures 4-25a to g display perfect linear relationships between the displacement applied and the 
output readings, which highlight the quality and the stability of the measurement. Slope of the 
linear regression and correlation coefficient are gathered in Table 4-2. Note that the R2 values 
appear to be slightly higher for negative displacement increments (i.e. when the target moved 
‘down’ towards the sensors). However, this was due to an internal mechanism of the micrometer 
calibration device which made it slightly imprecise when applying the displacement approaching 
the sensor. 





S1 S2 S3 S4 S5 S6 
Up 
Slope 0.198745 0.199465 0.199344 0.199117 0.198510 0.197669 
R2 0.999930 0.999947 0.999940 0.999966 0.999764 0.999679 
Down 
Slope 0.198286 0.198700 0.199577 0.199597 0.199038 0.197427 
R2 0.999831 0.999792 0.999739 0.999873 0.999707 0.999616 
 




The imprecision is hardly noticeable and considering the high number data collect for the 
calibration (i.e. 100 measurements between the offset and the 2mm range) an average slope was 
assumed between the reading taken while applying negative and positive displacements (up and 
down relatively). The calibration programme also comprised (i) a comparison of measurements 
taken using air instead than water as means for the eddy currents and (ii) a study on the influence 
of the target surface. 
4.5.3.1 Influence of the means: water VS air 
Sensors S4 and S5 were randomly chosen to investigate the influence of the measuraments if taken 
in dry conditions (Figures 4-25a and b respectively). 
 
Figure 4-26 Calibration of the non-contact transducers while operating in dry condition: voltage readings 
against displacements for S4 and S5 transducer (a and b respectively). A small sketch showing the configuration 
of each target is also provided on the left. 
4.5.3.2 Influence of the target surface 
Since the radial sensors (S4 and S5) will aim aluminium foil in between the wall of the hollow 
cylinder sample and the outer membrane, it was decided to investigate the accuracy of the 
measurement system varying the roughness of the target surface. Therefore, the S5 transducer, 
was calibrated against other two different target surfaces: the aluminium foil on top of sand 
particles (Figure 4-27b) and same configuration but adding a piece of membrane on top, 
simulating the real case scenario (Figure 4-27c). The equations of the linear regression lines are 
reported in Figures 4-27a and b. 




Figure 4-27 Calibration using three different target surfaces: (a)aluminium foil, (b) aluminium on top of a layer 
of sand, (c) sand with the aluminium foil covered with membrane. 
 
Figure 4-28 Calibration of the S5 transducers while aiming towards different target surface: aluminium with 
sand on the left (a), aluminium with sand and membrane to cover on the right (b). On the left is provided an 
illustration of target configuration. 
4.5.3.3 Final remarks 
The overall comparison in Table 4-3 shows the slope of the linear regression line between up and 
down averaged between ‘up’ and ‘down’ readings. The ratio between the slopes obtained from 
the wet measurement over the dry measurement show difference between 0.2 to 0.6% (Table 4-3). 
Such minor discrepancy suggests the non-contact transducer are unaffected by the means (e.g. air 
or water) where they operate.   
Table 4-3 Averaged slopes of the linear regression lines for the study of the calibration performed.  
Configuration S1 S2 S3 S4 S5 S6 
Water 0.198516 0.199083 0.199461 0.199357 0.198774 0.197548 
Air    0.200580 0.199157  
Sand    0.198575   
Sand+membrane    0.200321   




The quality of the target surface does not appear affect the measurement either. During the 
calibration, it was found that the slopes of the linear regressions were similar if the sensor aimed 
towards smooth or uneven surfaces (0.4% difference from dry measurement see Table 4-3). 
Finally, even the measurements taken with the sandy target covered with a membrane obtained 
insignificant different. In fact, the ratio with the slope of linear regression determined by dry 
measurement and the one obtained with an irregular target covered by a membrane diverge by 
0.6% (Table 4-3). The reading was found essentially independent by the three type of target 
surface tested.  
4.6 TESTED MATERIAL 
 Hostun Sand 
Hostun RF (S28) sand is a commonly tested European sand for this laboratory campaign. Its 
chemical components consist of a high siliceous amount (SiO2>98%) and the grain shape varies 
from angular to sub-angular. 
 
Figure 4-29 Grain size distribution for Hostun Sand (Diambra, 2010). 
Its grain size distribution is shown in Figure 4-29 and its physical properties are given in the 





Chapter 4: EXPERIMENTAL APPARATUS AND MATERIALS 
122 
 
Table 4-4 Hostun sand physical properties (Diambra, 2010). 
Mean grain size  D50= 0.32 mm  
Coefficient of uniformity  CU = 1.70  
Coefficient of gradation  Cg = 1.1  
Specific gravity  Gs = 2.65  
Minimum void ratio  emin= 0.62  
Maximum void ratio  emax= 1.00  
4.7 CONCLUSIONS 
The three-dimensional FE model of laterally loaded pile demonstrated that most of the soil 
element close OWT monopile foundation are subjected to a multi-directional stress state. Due its 
four degrees of freedom, the HCTA could replicate satisfactorily the conditions found in the 
numerical model. Although the device’s principles and the description of the facilities at 
University of Bristol has been already presented in a previous work from the author (Mandolini 
2014), it was re-presented in the dissertation for the sake of completeness. The previous 
calibration performed by Yoon (2005) and Mandolini (2014) has been found valid and a careful 
verification to check is validity was given.  
The local measurement system composed by high resolution non-contact transducer was equipped 
with the HCTA to allow the study of the quasi-elastic behaviour of the Hostun sand. Thanks to a 
complex mounting system, the sensors could be repositioned enabling the accurate measurement 
of the small strain stiffness with the evolution of the stress levels via a single continuous test. 
An exhaustive process of calibration found the transducers unaffected by the means through the 
measurement was taken. Thanks to the stability offered by the waterproof sensors, the calibration 
in dry condition resulted almost identical to the one performed underwater.  
Furthermore, the target surface varied to replicate the testing conditions inside the HCTA cell. No 
significant differences were found between target made fabricated with a smooth piece of 
aluminium foil or an even target surface. The addition of the membrane to cover the target did 
not influence the measurement either, confirming the high performance of the strain measurement 
system employed in this investigation.  
 




5 MAIN INVESTIGATION: 
TESTING PROCEDURE AND 
STRATEGY 
5.1 INTRODUCTION 
The chapter presents the details of the procedure followed to produce samples fit to be tested on 
the HCTA and the testing scheme designed for this experience.   
Similarly to Mandolini (2014), the sample preparation was divided into few main stages, with the 
addition of the instructions on the small strain measurement system set up. The ensuing setting 
out of the apparatus, pre-cyclic loading conditions (including isotropic consolidation, monotonic 
loading, creep dissipation waiting stage) and the process used to monitor the small strain stiffness 
throughout this experimental campaign are presented. 
The design of the testing scheme was based on the review of the past published material, analysis 
for any possible uncharted research areas and the examination of the outcome from the FE model 
produced in chapter 3. The strategy consisted in the application of a large number of small loading 
cycles, throughout a series of HCTA drained tests. The testing apparatus was found able to vary 
the orientation of the principal stress axes hence simulating stress path suggested by the numerical 
analysis. The monitoring of the small strain stiffness, crucial in the OWT design, was ensured by 
using a system of non-contact sensors equipped with the HCTA. Few pre-cyclic and cyclic 
features were varied in order to assess their influence in the semi-elastic response of the granular 
material. 
5.2  SPECIMENS PREPARATION  
Laboratory fabrication of hollow cylindrical sand sample represented a challenging task 
(Mandolini et al. 2018). Sample suitable for HCTA testing is rather tall with relatively thin walls 
(r0-ri = 20 mm see Figure 5-1). A standard procedure has been developed in order to obtain a 
standard initial condition for each test performed. 
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 Dimensions of the specimen 
The HCTA at the University of Bristol allowed testing hollow cylindrical specimens with nominal 
height (Hs) of about 200mm, outer radius (r0) of 50 mm and inner radius (ri) of 30 mm, as shown 
in Figure 5-1a. Considering this specimen’s size, the hollow circular nominal area on which the 
load will be applied is then As=51.90 cm2, hence the nominal computed volume is Vs=1038.08 
cm3. Area and volume were calculated considering a thickness of tm,i =0.3 mm and tm,o =0.5 mm 
respectively for the inner and outer membranes (Figure 5-1b).  
 
Figure 5-1 Dimensions of the HCTA specimen (a); thickness of the inner and outer membrane (b) 
Wall thickness (r0-ri) of 20mm is indeed within the range suggested by Sayao & Vaid (1991) (see 
4.2.2) of 20-26 mm, radius ratio (ri/r0) of 0.60 is only slightly lower than the minimum value in 
the interval recommended of 0.65-0.82 and finally the height-radius ratio (H/2r0) of 2 falls within 
the range of 1.8-2.2 provided by the authors. 
 Procedure step-by-step 
Part of the fabrication procedure was performed outside the HCTA cell. The apparatus remained 
hydraulically connected to the sample base pedestal which included the porous stones and the 
inner cell drainage. The length of all drainage pipes was designed to allow the relocation of the 
base pedestal inside the cell once the sample was built. Typically, the sample fabrication 
procedure involves few main steps, such as the assembly of the mould, deposition of dry material, 
imposing a light vertical vibration, removal of the mould, transfer to the HCTA cell and the non-
contact sensors set out. 




5.2.2.1 Assembly of the mould  
Sand was kept in the oven overnight at 105°C to ensure complete dry conditions (Figure 5-2b) 
and weighted out to obtain the target void ratio in the known volume of the hollow cylindrical 
sample. While the material was let to chill after being removed from the oven (Figure 5-2b), both 
inner and outer moulds were assembled. The base pedestal of the sample in the HCTA was 
mounted on a small platform which placed on the vibratory machine (Figure 5-2a) nearby the cell.  
 
Figure 5-2 Shaker and base pedestal platform (a), dry sand collected from the oven and let chill (b), assembling 
inner mould within the inner membrane (c), positioning the outer membrane (d) and assembling the outer mould 
(e). 
The inner rubber membrane - 60mm in diameter, 300mm in length (Figure 5-1b) was placed on 
the internal cavity of the base pedestal. A rounded stainless-steel cap with an all-around O-ring 
ensure the perfect sealing of the inner membrane and firmly fix it into the internal cavity of the 
base pedestal. The following step consisted of assembling the inner mould inside the inner 
membrane and wedging it in the base pedestal (Figure 5-2c). Talcum powder was used to allow 
the mould to slip smoothly through the membrane preventing any potential puncture and minimise 
friction between the membrane and the mould. Filter papers were placed in between small metal 
teeth on top of the porous stone surface to protect it from potential clogging by sand grains. The 
presence of these six small indentations, shown in Figure 5-2c, was to avoid sliding of granular 
material on the porous stone-sample interface during applied torsional loading.  
The outer membrane (100mm in diameter and 300mm in length) was secured to the base pedestal 
with a couple of O-rings at the bottom (Figure 5-2d). A three-parts outer mould was then attached 
to the top of the base pedestal and assembled by tightening two screws for each part. Silicone 
grease had to be spread on the surfaces in contact between each part of the outer mould to make 
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a perfect sealing such that a vacuum can be applied to keep the outer membrane tightly stuck with 
the mould walls.  
Before depositing the soil within the moulds, two small aluminium foil squares were stuck to the 
internal side of the outer membrane. The aluminium foils were positioned opposite to each other 
at mid sample’s height with the purpose to serve as targets for the radial non-contact transducer. 
Further descriptions of the set out for the strain measurements system will be provided in the 
following section.  
5.2.2.2 Deposition of the soil  
A special funnel (Figure 5-3a) was designed to sit on top of the mould with the aim of avoiding 
any spilling and direct the soil flow into the moulds. The ‘dry deposition with zero fall height’ 
technique was adopted to build the sand samples and it was carried out by using a pouring funnel 
which consisted in a smaller funnel with an extension pipe attached to its spout (Figure 5-3a). The 
funnel and the extension pipe were held by one operator while a second operator gently poured 
the sand into the top of the funnel (Figure 5-3a). The extension pipe was gently moved around the 
samples’ thin walls from its bottom end then slowly raised along its vertical axes leaving the drop-
height at a minimum. This technique should minimise the formation of denser layers of soil at the 
sample’s bottom and should allow a uniform distribution of material all around the sample 
circumference. Particle segregation was assumed not to happen because of the poor gradation of 
the material (Cg=1.1, see particle size distribution in chapter 4).  





Figure 5-3 Spilling procedure through a funnel with a pipe extension (a), helping the compaction of the freshly 
deposited material (b) using a light hollow cylinder top cap mounted on a vertical guide (c), level the final soil 
‘layer’ using a small rob (d). 
5.2.2.3 Application of a light vertical vibration 
After depositing the material into the inner and outer membranes a shaker was utilised to compact 
the dry specimen. The sample mould was subjected to vertically dominated vibration under a 
frequency of about 50Hz and acceleration of 2g (Mandolini et al. 2018). A hollow cylindrical top 
cap was let to slide through the funnel during the process applying a constant light surcharge of 
2.8 kPa (Mandolini et al. 2018). The circular cap was mounted on three guide rods which, not 
only helps to ensure that the slide was along the vertical axes, it also helped the operator to stop 
the vibration once the target density was achieved (Figure 5-3b). By using a small rod (Figure 
5-3d), the top sand ‘layer’ was carefully spread within moulds and also lightly levelled just to 
ensure a uniform height across the top surface of the sample. Prior posing the annular top cap on 
top of the specimen (Figure 5-4a), two metal rings were tied with it. These carried the remaining 
targets which consisted of 4 metal plates screwed into the rings. As for the bottom cap, the annular 
top cap had the other porous stones and it was connected with the HCTA through long drainage 
pipes. Six pieces of filter paper were placed in between the small indentations of the top porous 
stones, similarly to the precaution adopted for the bottom one. At this point, the outer and inner 
membranes could be rolled up around the top cap and sealed with two O-rings.  




Figure 5-4 Annular top cap with porous stones gently sat on top of the sample (a). Dismount of both moulds 
after using two O-rings to seal the outer and inner membranes in place (b) and sample transferred inside the 
cell (c). 
5.2.2.4 Mould disassembly and transfer into the cell   
With the specimen sealed it was possible to switch the vacuum to the sample and remove the 
moulds (Figure 5-4b). The granular soil samples at this stage may be at its weakest state, a suction 
of -40 kPa was applied through the pore pressure line prior to the removal of the mould in order 
to prevent collapse and to ensure a safe transfer into the HCTA cell. Once the vacuum was 
effectively applied, the inner and outer moulds could be easily taken off. The inner one was pulled 
out from inside of the specimen first and the outer one was disassembled straight after. At this 
stage, few checks had to be carried before moving the sample inside the cell. Horizontal and 
vertical levels were looked over with a leveller in order to reduce the effects of bedding error and 
potential misalignment. Checking for the presence of any membrane punctures was performed 
and eventually fixed with the use of liquid latex. The final height and the outer diameter were 
measured to calculate the initial sample dimensions, volume and void ratio. The top cover was 
positioned on the top cap correctly and progressively tightened using clamping screws. The 
specimen, which was stable under vacuum, could be carefully transferred from the shaker into the 
triaxial cell. The loading ram needed then to be connected firmly to the sample. Four small 
hexagons on the top cover were filled up with a strong resin called Araldite 2014-1. Araldite 
2014-1 is a two-component resin (resin and hardener), room temperature curing, used for bonding 
of metals. Four bolts placed in the bottom of the loading ram were screwed into the Araldite while 




it was still soft and malleable (Figure 5-4c). The resin had to cure for at least 3 hours to achieve 
the maximum strength, the small strain measurement rig was installed meanwhile (Mandolini 
2014). 
5.2.2.5 Setting the small-strain measurement system 
With the sample was firmly fixed with the load cell ram the and the bottom tighten with the triaxial 
cell base, it was possible to install the small-strain measurement system, which has been already 
described in section 4.4. The procedure consisted in fixing the remaining targets to the sample 
and positioning the six non-contact sensors on stainless steel support which can be moved 
independently from outside the cell.    
 
Figure 5-5 3-D printed scaffolding (a) to help to position the bottom and top aluminium rings which 
accommodates the aluminium targets (a and b respectively). 
Two metal rings carried the targets of the vertical and circumferential sensors (S1-S2 and S3-S4, 
see Figure 4-16 in chapter 4). Each ring had to be attached to the outer membrane on three points 
using flexible suspended connections as proposed by Ibraim et al. (2011) and Di Benedetto et al. 
(2001). The 3-D printed scaffolding in Figure 5-5a was used to ensure the horizontal level and to 
keep a consistent distance of about 100mm between the rings. The bottom scaffolding was first 
laid on the base pedestal in order to position correctly the bottom metal ring (Figure 5-5b), then 
super glue was applied between the three plastic stripes (20mm long as shown in section 4.4.3) to 
the sample wall. Once the glue cured, the top scaffolding was rest on top of the first one while the 
other ring was glued in position (Figure 5-5c). Few small pins on the top surface of the first 
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scaffolding were inserted into the bottom surface of the top scaffolding to help achieve a stable 
balance during this delicate operation.  
 
Figure 5-6 Measurement of distance between the bottom and top aluminium rings (a), distance from the external 
membrane and to the centre of the S3 and S4 target (b), HCTA sample ready for the test (c). 
Once the targets were in position, the scaffolding was removed, and all six sensors were installed 
(Figure 5-5c). Radial sensor S5-S6 were attached to vertical beams which were screwed on the 
base of the triaxial cell (Figure 5-6c). The remaining non-contact sensors were mounted on four 
thin stainless-steel bars alongside the specimen (Figure 5-6c). Eventually, all six sensors could be 
moved separately, approaching or distancing the targets, by twisting cogwheels located 
underneath the cell. Before moving to the next and last step of sample preparation, all the non-
contact sensors were positioned towards their relative targets leaving an offset distance of 1mm 
between them. The distance (Hc) between the top and bottom flexible suspended connections were 
glued to the membrane (Figure 5-6a) and the distance between the sample walls and the centre of 
the target were measured with a precision calibre and recorded (Figure 5-6b). 
The triaxial cell was then filled up with almost 200 litres of water. Only then, the vacuum inside 
the sample was gradually reduced while simultaneously increasing the cell pressure to maintain 
a constant effective stress experienced by the sample. This enabled moving towards the next stage 
represented by the saturation and consolidation. 
 Saturation  
Tests performed in drained conditions required the evaluation of the sample volume and its 
changes throughout the test. Fully saturated conditions were, therefore, necessary to accurately 




measure the volume of water travelling away from/towards the samples. The method used to 
obtain saturated HCTA specimens and to verify the degree of saturation is presented herein.  
Saturation consists, practically, of filling all the voids up with water; this condition is hard to 
achieve as it is impossible to displace all the air from the voids in the sample. Since carbon dioxide 
(CO2), as more soluble than air in water, was flushed prior to water saturation with the intent of 
replacing all the air within voids inside the sample. CO2 was flushed from the bottom to the top 
of the specimen for at least one hour under a small gradient of pressure. Afterwards, de-aired 
water was flushed through the specimen under a very low gradient of pressure to fill the voids in 
the specimen and replace the CO2. Saturation with water lasted for a couple of hours until a 
quantity of water equal to two times the void volume of the specimen was transited. After the 
saturation stage, the cell pressure (CP) and the back pressure (BP) were contemporaneously 
increased up to the respective values of 420 and 400kPa. The use of back pressure facilitates the 
dissolution of CO2 inside the sample.  
The degree of saturation has been monitored in terms of Skempton’s pressure coefficient B 
(Skempton 1954). The coefficient B has been calculated as: 
𝐵=Δ𝐵𝑃/Δ𝐶𝑃 5-1 
where ΔBP and ΔCP indicate the variations of the internal pore water pressure and external cell 
pressure respectively, during an undrained isotropic loading stage. A value equal to unity is 
typical for a fully saturated soil, while a partially saturated soil would show a coefficient B less 
than one. B value of 0.97 was considered by the author to be the lower bound threshold for a 
satisfactory saturation degree. The achievement of this condition is crucial because the water is 
an incompressible medium and this allows every small volume change of the sample to be 
measured and to minimize measurement errors. 
5.3 TESTING PROCEDURES 
The pre-cyclic loading conditions such as isotropic consolidation, drained monotonic loading and 
creep dissipation waiting stage were chosen to mimic the stress conditions occurring in the soil 
adjacent to the pile shaft. In this section the method followed to obtain the quasi-elastic evolution 
of the sample is presented including the small strain stiffness measurements embraced for this 
experimental campaign. 
 Consolidation 
The isotropic consolidation stage of the specimen was then performed by manually increasing the 
cell pressure. During this phase to ensure the isotropic conditions the HCTA was asked to hold 
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the axial force (F) to zero. The procedure lasted for few hours until no volumetric strains were 
detected. 
 Monotonic shearing  
After isotropic consolidation at p0 = 100 kPa, the sample was pre-stressed monotonically (blue 
lines in Figure 5-7a) before the application of each cyclic loading stage. The monotonic load was 
applied in drained condition varying the orientation and magnitude of the principal stress axes 
between tests, with the intention of investigating their influence on the cyclic behaviour. Figure 
5-7b defines the angle of rotation of the principal stress direction at monotonic and cyclic stage 
(ασ,m and ασ,c respectively) in the normalised shear-deviatoric stress space. The pre-stress was 
applied with different orientation of the principal stress axes with respect to the material axes (ασ,m 
= 0°, 90° and ±45°) and reaching different stress ratios (ηave), depending on the desired testing 
conditions. This monotonic shear phase was performed in a stress control mode and the load rate 
for each monotonic load or unload was always kept under 0.5 kPa/min in order to ensure water 
dissipation and to allow the development of any micro-mechanism particle rearrangement within 
the soil matrix.  
 
Figure 5-7 Example of stress path in term with deviatoric stress (q) and time (t) on the left (a); definition of ασ,m 
and ασ,c in the normalised shear deviatoric stress plot on the right (b). Note that the angle measured in the plot 
(b) is half of the actual rotation of principal stresses applied. 
Figure 5-7a reports an example of the stress paths imposed in this testing program with the 
different loading stages highlighted in different colours. Despite the tests were performed 
following various stress paths, the sequence of loading has generally been similar to the one 
proposed in Figure 5-7a: an initial isotropic consolidation (q=0 kPa), followed by a monotonic 
loading (blue line in Figure 5-7a) and few hours wait to allow the dissipation of creep strains once 
the desired stress state is achieved (green line in Figure 5-7a). Cyclic loading batches (black lines 
in Figure 5-7a) have been applied at stages (B, C, D, E, F and G in Figure 5-7a). In some cases, 




the cyclic stages were performed under the same stress condition during the shearing (e.g. qave1 
for stages B, D, F as shown in Figure 5-7a). Most of the tests ended with a monotonic load to 
failure in order to assess the strength of the sample (dotted blue line in Figure 5-7a).  
 Creep dissipation stage 
Sand around a monopile foundation usually experiences a period of rest between the installation 
and any operational loads (e.g. “equalisation” as defined by Doherty (2009) or Randolph (2003). 
In this experimental program, once the sample reached the desired stress state, all the creep 
deformations were allowed to exhaust before applying any loading sequence. This was also 
deemed necessary to exhaust any plastic deformation and being able to accurately measure the 
elastic small-strain stiffness during the following cyclic loading. During creep, the deviatoric 
stress (q) was held constant for few hours (green line in Figure 5-7a) providing time to the granular 
particles to slowly and steadily arrange their position in the sample matrix. The duration of the 
creep dissipation stage depends on stress level, at higher ones (e.g. stage C in Figure 5-7a) the 
deformations occurring during creep would increase as result of further particle rearrangements 
(Hoque & Tatsuoka 2004). A total of 4 hours was found enough to allow for creep deformation 
to cease down to a minimum value, however further observations on the imposed creep periods 
will be discussed in chapters 6 and 7.  
 Small strain stiffness checks  
Measurements of the Young’s and Shear moduli (Ez and Gθz, respectively) were taken at the 
beginning and at end of each cyclic loading stage (B, C, D, E, F and G in Figure 5-7a) over a 
dozen of small axial or torsional cycles.  




Figure 5-8 Details of the checkpoints where the Young’s modulus (Ez) and shear stiffness (Gθz) were measured 
(Mandolini et al. 2016). The loading frequency during the investigation point fip and during the cyclic stage fc is 
also reported. 
Once reached the pre-stress level and the necessary waiting time was left to exhaust any creep 
deformations, several small loading cycles were applied to measure the small strain stiffness of 
the sample (Figure 5-8). Re-positioning of the transducers was required after the preloading stage. 
The qave represented the max deviatoric stress experienced during the relative cyclic loading stage, 
therefore cycles started with an unload equal to qamp (Figure 5-8).  
Compression and extension cycles were applied first and the vertical Young’s modulus Ez was 
evaluated from the inclination of stress-strain response. Similar technique was adopted to measure 
the shear stiffness, about six consecutive load/unload torsional cycles of small amplitude were 
applied and the stiffness value (Gθz) was evaluated from the corresponding shear stress-strain 
relationship. During these cycles, only one stress component was changed at a time so that during 
the torsional cycles the hydraulic system effectively maintains the constant axial load. Vice versa, 
while applying compressional cyclic loadings, the shear stress was kept constant.  
As shown in Figure 5-8, to monitor the evolution of the small strain stiffness, investigation points 
were performed not only at the beginning (Ez,i and Gθz,i) and at the end (Ez,f and Gθz,f) of each 
cyclic stage, but at regular intervals throughout the shearing (Ez,t and Gθz,t). Additionally, to ensure 
an accurate load control and a detailed recording of the stress-strain behaviour at these 
investigation points, cycles were applied at a slower rate (fip=0.005 Hz as suggested in Mandolini 
et al. (2016) and Mandolini et al. (2017)). The record scanning time was also reduced ten times 
and set to 10 Hz during this stage in order to obtain a detailed measurement and exploit the high-
resolution of the non-contact sensors.  




5.4 INVESTIGATION STRATEGY 
The testing strategy adopted to investigate the cyclic response of the granular material was 
determined by a thorough review of the published material presented in chapter 2 and by the 
results from the numerical analysis (chapter 3), which in summary, outline these outcomes: 
 Soil stiffness is one of the leading criteria for the design of offshore structures. Any 
significant soil stiffness shift could move the natural frequency of the system towards the 
resonance excitation. 
 Tens of millions of cycles are imposed during the operational lifetime of the offshore 
structure. There is a need to produce further investigations involving a larger number of 
cycles in order to detect any possible change of soil behaviour from a long-term 
perspective.  
 The amplitude of the operative load on offshore structures, with exception to storm 
loading, appears to belong to the small strain domain. 
 The stress path of a soil element adjacent to monopile foundation of OWT is likely to 
develop cyclic rotations of the principal stress (or strain) axes.  
Therefore, an experimental programme was designed to investigate the above conditions. A total 
number of 8 cyclic tests was performed using the HCTA equipped with the small strain 
measurement system. The laboratory strategy was built to evaluate the effects of applying a very 
large number of small loading cycles (up to 6∙105) on medium-dense Hostun sand samples. All 
the tests were carried out in drained conditions and under the same effective confinement pressure 
of 100 kPa. The focus of this work was channelled towards investigating the effect of monotonic 
pre-loading and cyclic loading features.  
Two are the main stage of testing: 
 Phase 1 is a short-term cyclic analysis which aimed to investigate the effect of a set group 
of cycling loading varying: 
 Preloading stress direction (ασ,m); 
 Cyclic loading direction (ασ,c); 
 Deviatoric prestress level (qave). 
 Phase 2, defined as a long-term cyclic analysis, was mainly focused on the effects of: 
 Large number of cycles; 
 Cyclic loading features (qamp, fc, ασ,c); 
 Creep duration; 
 Pre-cycle stress history (ασ,c & ασ,m). 
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With the goal of simulating the conditions on which foundations may be subjected in the offshore 
environment, a combination of the parameter listed above will be applied. Both short and long-
term investigation will provide a fair characterization of the evolution of the quasi-elastic features 
of granular materials.  
 Phase 1: short-term cyclic investigation 
The same imposed probing stress path was followed in each test of ‘Phase 1’, the evolution of the 
sample properties was recorded throughout the duration of the shearing. In Figure 5-9 the stress 
paths for the four tests performed during this phase of the investigation, by way of normalised 
shear stress with normalised deviatoric stress.  
 
Figure 5-9 Imposed stress paths for the ‘Phase 1’ of the testing programme (Mandolini et al. 2016).  
Samples were intentionally stressed to four different deviatoric stress levels (A, B, C, E in Figure 
5-9). Preliminary tests performed by (Mandolini 2014) on the same material have revealed that 
the Hostun sand has an ultimate friction angle φ'=36°, which yields to an ultimate (possibly at 
critical state) deviatoric stress (qult) of 284.8 kPa when sheared under drained triaxial compression 
conditions with a constant effective confining cell pressure of 100 kPa. The initial monotonic 
preload developed a deviatoric stress qave1 equal to a third of this determined qult. The second stress 
level qave2 is equivalent to 2/3 qult while the third preload condition qave3 was 1/3 of the extension 
deviatoric ultimate resistance. As illustrated in Figure 5-9 the stress level qave1 was hit three times 
during each test (status B, D, F). The last batch of cycling loading was applied in isotropic 
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level is also indicated in Figure 5-9 as circular dotted lines. S_M00C00 and S_M00C45 were 
loaded to pure compression/extension loading states (ασ,m = 0, 90º) before applying each sequence 
of cyclic loads, while S_M45C45 and S_M45C00 were subjected to pure torsion (ασ,m = ±45º) to 
achieve the desired pre-cycle deviatoric stress state. At each point, B, C, D, E, F and G in Figure 
5-9, the sample was subjected to small amplitude deviatoric stress cycles (qamp = ±5 kPa) with 
either compressional and extensional (ασ,c = 0, 90º) or torsional (ασ,c = ±45º) directions. 
A list of the performed tests is given in Table 5-1, where the test name, initial void ratio (e0), 
direction of major principal stress for the monotonic and cyclic loading (ασ,m and ασ,c), deviatoric 
stress amplitude (qamp), cyclic loading rate (fc) and overall number of cycles are provided. 
Note that the test name gives an indication of the test type itself. The initial letter specifies the 
kind of investigation (e.g. short-term ‘S’ or long-term ‘L’). The remaining letters indicate the type 
loading (e.g. ‘M’ stands for monotonic and ‘C’ for cyclic) while the following number is the 
imposed value of ασ (e.g. ‘00’ stands for ασ = 0, 90º and ‘45’ for ασ = ±45º) relative to the loading. 
Table 5-1 Short-term characterization: list of the performed tests, where ασ,m and ασ,c stand for rotation of the 
principal stresses during monotonic and cyclic loading respectively and e0 is the initial void ratio. The overall 
number of cycles is also indicated. 














S_M00C00 0.819 0,90 0, 90 ± 5 0.05 28080 
S_M00C45 0.816 0, 90 ±45 ± 5 0.05 36630 
S_M45C45 0.825 ±45 ±45 ± 5 0.05 20160 
S_M45C00 0.838 ±45 0, 90 ± 5 0.05 19440 
Cyclic amplitude and frequency were kept similar throughout the four tests. However, the overall 
number of cycles slightly varied as the number cyclic loadings varied for each stage of loading 
(see Table 5-1). 
 Phase 2: long-term cyclic investigation 
The idea behind the second phase of testing was to focus on the soil long-term response so the 
samples were subjected to a long exposure of small loading cycles. Despite the strategy in place 
was determined in advance, the specifics of ‘Phase 2’ were not planned but built test-by-test as 
the campaign proceeded.  
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In general, a cyclic loading frequency (fc) of 0.05Hz was kept constant throughout the tests (unless 
otherwise indicated) while the amplitude and direction varied within the tests (qamp and ασ,c). The 
monotonic loading was also varied in terms of magnitude and direction (qave and ασ,m) to offer a 
wider view on their influence on the cyclic response of the material. The evolution of the elastic 
properties was monitored at regular intervals (approx. every 104 cycles) following the same 
procedure shown in the previous section (‘Phase 1’).  
 
Figure 5-10 Imposed stress paths for the ‘Phase 2’ of the testing programme (Mandolini et al. 2017). 
A fewer selection of stress paths was eventually chosen for the ‘Phase 2’, L_M00C45 and 
L_M00C45/90 aimed to reproduce stress condition similar to S_M00C00 and S_M00C45 where 
the samples were prestressed in ασ,m=0º direction and then subjected to torsional cyclic loading 
ασ,c=45º (Figure 5-10). However, some cyclic loading batches were performed at ασ,c=0º and 90º 
and few cyclic batches were performed at a higher stress level. As shown in Figure 5-10, 
L_M00C45H basically replicated the conditions of S_M00C45 at the stress level C (Figure 5-9) 
but focusing on the effect of a longer exposure of small cyclic loading. Finally, L_M45C22/67 
reproduced the stress paths suggested by the FE analysis (chapter 3). The 3-D model simulated a 
large diameter monopile interacting with a granular soil during installation and operative loads. 
Most of the soil elements located at a close distance from the pile shaft appear to develop shear 
stress due to ‘pile installation’ at first. The consecutive horizontal load on the monopile induced 
a change in the stress path on the soil elements, especially for the ones in front of the pile shaft as 
shown earlier in Figure 3-30. Therefore, the cyclic loading for L_M45C22/67 was performed 

























matched the amplitude performed in most of the tests (qamp=±5 kPa). Different from the other 
‘Phase 2’ tests, the monotonic pre-cycle load was imposed in the ασ,m=45.5° direction, in 
agreement with the outcome observed in Figure 3-30 and matching the stress path followed in 
S_M45C45 and S_M45C00 (Figure 5-9). 
A list of the performed tests within ‘Phase 2’ is provided in Table 5-2 with the measured initial 
void ratio and the main loading features adopted (e.g. direction of the monotonic and cyclic 
loading, mobilised effective friction angle and the overall number of cycles). 
Table 5-2 Long-term characterizations: where ασ,m and ασ,c stand for rotation of the principal stresses during 
monotonic and cyclic loading respectively and e0 is the initial void ratio. The mobilised effective friction angle 
φ'm is also reported together with the overall number of cycles. 












L_M00C45 0.816 0º ±45 18.8 203040 
L_M00C45/90 0.807 0º ±45, 0, 90 18.8, 29.1 670005 
L_M00C45H 0.828 0º ±45 29.1 145440 
L_M45C22/67 0.832 45º ±22.5,±67.5 18.8 176850 
5.5 CONCLUSIONS 
Sample fabrication based on dry deposition with zero fall height was suitable to produce hollow 
cylinder sample of the required dimensions minimise the development of stress and strain non-
uniformities. The testing plan was designed to capture the stress history and the cyclic conditions 
experienced by soil element surrounding OWT foundations. Loading monotonically the specimen 
to various stress states and allowing sufficient time for creep strains to stabilise under drained 
conditions was included in the testing programme.  
One of the main targets in this experimental programme was to determine accurately the evolution 
of the soil stiffness given the importance of this measurement in the geotechnical design of OTW 
foundations. The procedure to assess the development of small strain stiffness was described 
considering the repositioning of the non-contact sensors within the measurement range to make 
the most out of the measurement system resolution. The investigation intended to perform cyclic 
rotations of the principal stress (or strain) axes over a very large number of cycles to help to 
produce an accurate long-term prediction of the sand close to pile shafts.  








6 EXPERIMENTAL RESULTS: 
SHORT-TERM MULTIAXIAL 
CYCLIC RESPONSE  
6.1 INTRODUCTION 
This chapter presents the results of the first phase experimental programme carried out to 
investigate the response of granular soils under cyclic loading of small amplitude. This first phase 
of testing (called short-term cyclic investigation) focused on investigating the effect of 
preconsolidation and cyclic loading direction, by imposing either pure axial or torsional 
monotonic and cyclic loading. Small strain stiffness was monitored throughout the experimental 
tests using a local measurement system comprising six non-contact sensors able to measure strains 
up to 10-5. 
As anticipated in the previous chapter 5, four tests were performed to assess the effect of 
preloading stress direction (ασ,m), cyclic loading direction (ασ,c) deviatoric prestress level (qave) on 
the elastic properties of hollow cylinder sand samples.  
6.2 OVERVIEW OF THE IMPOSED CYCLIC 
LOADING CONDITIONS 
 Stress paths 
In this section, the response of the material was assessed throughout all the stages of loading. As 
discussed in chapter 5, the four tests imposed a different combination of preloading (ασ,m), and 
cyclic loading (ασ,c) directions, for a range of deviatoric pre-stress level. For the reader 
convenience, the idealised imposed stress paths for the four tests are repeated in Figure 6-1 below. 




Figure 6-1 Imposed stress paths for the Phase 1 programme (Mandolini et al. 2016). 
The evolution of the imposed deviatoric stress with time is presented in Figure 6-2. Observations 
on the volumetric behaviour during each test from the sample preparation until the final shearing 
are presented later as well as the stress and strain trend for each test of ‘Phase 1’.  
The deviatoric stress evolution over time in Figure 6-2a, b, c and d, not only gives an indication 
of the timing involved but also show the quality of the output data. Each short-term test lasted for 
about 2 weeks, during which, the samples were subjected to a similar loop of loading paths as 
presented previously (section 5.3.2). After the initial isotropic consolidation (stage A), the 
specimens were brought monotonically (blue line Figure 6-2) to specific anisotropic (deviatoric) 
consolidation states (B, C, D, E, F and G in Figure 6-2), at which cyclic loading was applied. 
Before application of the cyclic loading, creep deformations were let to exhaust (green line in 
Figure 6-2). Batches of cyclic loading were then applied to the specimen (black line in Figure 
6-2), with a fixed cyclic amplitude qamp=10 kPa (i.e. deviatoric excursion of ± 5kPa over the 
average preconsolidation state). The relationship between the applied deviatoric stress and the 
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Figure 6-2 Time evolution of the deviatoric stress (q) for the ‘Phase 1’ tests. 
The cycling loading stage normally lasted for about 18 hours and it was run overnight. The cyclic 
load was applied at a frequency of 0.05 Hz. The frequency of the data acquisition was set to 10 
Hz at those time where small strain stiffness had to be determined – i.e. at the start and the end of 
the loading batch. The recorded frequency was lowered during the central part of the loading 
batch in order to reduce the size of the output file. However, occasionally the recording frequency 
was not adjusted (i.e. reduced in this case), as for status B and D for test S_M00C00 (Figure 6-2a) 
to check the quality of the cyclic loading for the whole duration of the cyclic batch. Details of the 
performed tests, including the number cycles imposed for each stages B to G, are reported in the 






Chapter 6: EXPERIMENTAL RESULTS: SHORT-TERM MULTIAXIAL CYCLIC RESPONSE 
144 
 
Table 6-1 Short-term characterization: list of the performed tests, where ασ,m and ασ,c stand for rotation of the 
principal stresses during monotonic and cyclic loading respectively and e0 is the initial void ratio. The number 
of cycles at each stress state (B, C, D, E, F, G) is also indicated together with the mobilised friction angle (φ'm) at 
each stage. 
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The number of cyclic loading applied for each test at the stages B, C, E, F, G, H (Figure 6-3) are 
shown in Table 6-1. Tests were subjected to a minimum of about 20000 small loading cycles to 
36630 cycles on S_M00C45. A larger amount of cycles was applied at qave1 since the specimens 
were repeatedly brought to the deviatoric stress state qave1 (status B, D and F). The number of 
cycles on the remaining stages (qave2 , qave3 and q=0 kPa) was on average between 3300 and 4000 
cycles (Table 6-1), with one exception made for the isotropic state of S_M00C45 which was left 
cycling over a weekend (about 90 hours Figure 6-2b).   
Figures 6-3a, b, c and d show the imposed stress paths in the conventional τzθ/p' - (σz – σθ)/2p' 
plane for the analysis of hollow cylinder torsional tests. In these plots, the rotation of principal 
stress direction (ασ see Eq. (4.5)) applied with the HCTA corresponds to half of the angle formed 
by the stress path with the horizontal axes (τzθ=0 kPa).  
As explained in the previous chapter, the samples were subjected to monotonic loading and cyclic 
loading along a combination of two loading directions (ασ,m and ασ,c in Table 6-1). However, the 
cyclic stage (black lines in Figures 6-3a, b, c and d) seems to be applied in two perpendicular 
directions rather than one. The reason for that is because the output file recorded both stiffness 
checks made at investigation points, which were performed with compressional and torsional 
load-unload cycles. 





Figure 6-3 Stress path in the normalised shear stress deviatoric stress plane for ‘Phase 1’ tests. 
 Stress and strain behaviour 
Test S_M00C00 and S_M00C45 were both subjected to axial pre-stress loads ασ,m= 0 and 90° (see 
Table 6-1), therefore the stress and strain trend (shown in Figure 6-4) is presented on the axial 
stress-strain plane. However, the cyclic loading in S_M00C45 (black lines in Figure 6-4b) was 
performed at ασ,c=±45° and tangential stresses developed during the shearing were not visible in 
the σz – εz plane. In both tests, the highest level pre-compression (stage C in Figure 6-4) or pre-
extension to qave3 (stage E in Figure 6-4) developed the highest creep deformations within the 
stages analysed. 




Figure 6-4 Stress and strain plot for all tests performed within ‘Phase 1’. 
Test S_M45C45 and S_M45C45, were monotonically pre-stressed at ασ,m=45° direction instead 
and the outcome is shown in the shear stress and strain plot (Figures 6-4c and d). As pointed out 
above, S_M45C45 was subjected to cyclic loading in the axial direction hence not visible in the 
tangential plane. Samples were brought to failure after the last cycle batch (G in Figure 6-4), to 
validate the qult adopted for the experimental campaign.  
 Volumetric Behaviour 
The void ratio was recorded for each test from the consolidation stage to failure after the last stage 
of the shearing (G in Figure 6-5). Figures 6-5a, b, c and d show the variation of samples density 
in terms of void ratio (e) with the logarithm of the effective mean pressure (p'). In general, all 
samples suffered a loss in void ratio from the consolidation stage (pink line in Figure 6-5) 
throughout the shearing. Tests S_M00C00 and S_M00C45 appear to temporary recover the loss 
and the sample achieved its densest state at the stage F (Figures 6-5a and b). While for the 
torsional pre-cyclic loading tests (S_M45C45 and S_M45C00), the densification seemed 
monotonic and ended at the isotropic status (G in Figures 6-5c and d). The majority of the 
densification takes part during the monotonic loading or unloading loops, while very little (even 




negligible) volumetric strain takes place during the cyclic loading batches. For tests with ασ,m= 0 
and 90°, the overall changes in void ratio during the tests are limited to 0.04, while for the tests 
at ασ,m= ±45° slightly larger variations of void ratios up to 0.09 can be observed. These correspond 
to very small percentage variations of void ratio after tens of thousands of cycles, from about 
0.34% for S_M00C00 to almost 1% for S_M45C45. They also correspond to very limited 
variations of density, with a maximum variation of relative density of 2.4% (determined for 
Δe=0.09). 
 
Figure 6-5 Void ratio evolution with the mean effective pressure throughout ‘Phase 1’ of testing. 
The lack of significant variation of density during the cyclic loading stage is associated with the 
very low amplitude of the imposed cyclic loading. However, in order to analyse the results in the 
most rigorous manner, a void ratio function F(e) will be employed to discern any (even if very 
small) influence of changing of void ratio on the cyclic loading induced changes of stiffness. 
Many researchers have proposed  different forms of F(e) functions (Hardin & Black (1966); Lo 
Presti et al. (1997); Wichtmann & Triantafyllidis (2004)). Based on an extended investigation on 
Hostun sand on the shear wave propagation in triaxial conditions, Escribano (2014) suggested the 
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following void ratio function F(e) can be used to normalise the elastic stiffness removing the 
effect of the soil density: 
F (e) = e – 1.10 (6-1) 
this function will be used in the following of this results. However, considering the magnitude of 
the change in void ratio, the correction based on F(e) resulted in a limited variation (less than 1%) 
of the respective uncorrected Young’s or shear modulus. 
6.3 DETERMINATION OF QUASI-ELASTIC 
PARAMETERS 
 General 
The specimen small strain stiffness was measured at the investigation points, at the beginning and 
at the end of each cycle batch (B, C, D, E, F and G in Figure 6-2), following the procedure 
explained in section 5.3.4. While keeping the same amplitude of the main cycling loading batch, 
cycles at these checkpoints were applied at a slower frequency (fip=0.005 Hz). This procedure 
allowed a detailed data logging and an accurate load control, during which, it was possible to 
estimate with precision both the Young’s (Ez) and Shear (Gθz) modulus. For each loading and 
unloading cycle, about 2000 points could be used to determine the actual stiffness of the soil.  
Figure 6-6 presents an example of the measurements performed at the beginning of stage B for 
S_M00C45 (Ez,i and Gθz,i). A dozen small stress amplitude cycles were applied at ασ,c =0 and 90° 
and ±45° (Δσz =10 kPa and Δτzθ = 6 kPa in Figures 6-6a and d. The correspondent stiffness was 
evaluated by linear regression of the stress and strain relationship (Figures 6-6c and f). 





Figure 6-6 Stiffness checks at investigation points of S_M00C45 (stage B, p'=135 kPa): time history of few small 
stress amplitude cycles in the axial stress and strains (red line in a and b) and shear stress and strains (blue line 
in d and e). The first load/unload cycle (in c and f) to evaluate the sample stiffness. 
Thanks to the high-resolution of the local measurement system, it was possible to measure 
displacement up to 0.1μm (Figures 6-6b and e) and obtain a very accurate value of sample small 
strain stiffness. The estimated average strain applied in this experimental campaign range between 
4 to 8·10-5 (m/m). The Ez and Gθz were measured at each load/unload cycle (Figures 6-6c and f) 
then averaged between the values obtained for each cycle performed at the checkpoint. These 
averaged values were then collected and shown in the next section in relation to the number of 
cycles performed for each stage.  
 Local versus external measurement system 
The importance of using accurate local measurement as opposed to external measurement is 
shown in this section. Due to many sources of error, use of external transducers can lead to 
considerable inaccuracy in the estimation of the soil stiffness (Viggiani & Atkinson 1995; Jardine 
et al. 1984; Hoque & Tatsuoka 2004). An example of the errors involved with the use of external 
transducers is shown in Figure 6-7 below. A preliminary analysis showed a first rather definitive 
output in line with findings from previous experience with the apparatus by Ibraim et al. (2011): 
the evaluation of the sample stiffness through external measurement system usually leads to an 
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underestimation of the soil stiffness (Figure 6-7). For the specific case in Figure 6-7, which 
corresponds to typical investigated testing conditions, the underestimation of the stiffness would 
be about 35% of the value determined by the local transducers. Hereafter, only deformations and 
stiffnesses measured by the non-contact local sensors will be discussed. 
 
Figure 6-7 Young’s modulus measured in triaxial compression and extension: comparison local and external 
strain measurement systems. 
6.4 EFFECT OF APPLIED STRESS LEVEL ON 
QUASI-ELASTIC STIFFNESS PARAMETERS  
 Evolution of Young’s modulus Ez 
The evaluated Young’s moduli from the compressional load/unload at the investigation points are 
shown in Figures 6-8a, b, c and d. In S_M00C00 and S_M00C45, where the samples were 
prestressed at ασ,m =0 and 90°, the vertical stiffness (Ez,i and Ez,f in Figures 6-8a and b) appears to 
be affected by the stress state reached. When the sample is subjected to the deviatoric level qave1 
(status B, D and F), Ez reaches values ranging from 230 to 250 MPa, while for the highest 
deviatoric state qave2, the samples stiffen up to 330 MPa between both tests (Figures 6-8a and b). 
In extension, samples soften dramatically reaching values as low as 95 MPa and finally, at the 
isotropic state (status F in Figures 6-8a and b), values from 160 MPa to 185 MPa were recorded 
at the investigation points. These trends are coherent with the known dependency of Young’s 
modulus on the applied vertical stress σz (Chaudhary et al. 2004). The results in Figure 6-7 also 
show that the variation of this quantity has much larger influence than the application of loading 
cycles.  





Figure 6-8 Initial and final values of elastic Young’s modulus (Ez,i and Ez,f) for the first phase of testing. 
When the pre-shearing was applied at ασ,m = ±45° the measured Ez appeared to be very little 
influenced by the stress state (Figures 6-8c and d). Tests S_M45C45 and S_M45C00 developed 
tangential stress rather than σz resulting in a flatter trend when compared to 1 and 2. Values 
oscillate between 130 and 150MPa and 140 to 170MPa for S_M45C45 and S_M45C00 
respectively. The Young’s moduli only fluctuate between 13 to 17% while when the pre-stress 
was performed with compression/extension load the variation was measured as 30% from the 
max values of stiffness. 
 Evolution of shear modulus Gθz 
The initial and final shear stiffnesses are presented in Figure 6-9 (Gθz,i and Gθz,f) over the number 
of cycles for each cyclic loading batch. Similar to the outcome presented earlier for Ez, for 
compressional pre-stress (Figures 6-9a and b), the values of Gθz seemed to be mainly affected by 
vertical effective stress rather than the development of stresses in the horizontal plane. Tests 
S_M00C00 and S_M00C45 again show a wider variation (up to 43%) of the sample stiffness with 
the evolution of the stress state while Tests S_M45C45 and S_M45C00 which subjected the 
sample to torsional monotonic loading prior the cycle batch (Figures 6-9a and b), show a max 
20% variation between values.  




Figure 6-9 Initial and final values of shear modulus (Gθz,i and Gθz,f) for the first phase of testing. 
This again agrees with the general principle that the shear modulus is affected more by the 
effective stress acting in the vertical (axial) direction than that the one acting on the direction of 
the measurement (Chaudhary et al. 2004).  It is already established that granular soil stiffness 
depends on stress state, density and stress history. The next sections will analyse these 
relationships in detail.  
 Overall pressure dependency 
It has been established that Young’s modulus depends on the normal stress in the direction of 
measurement following a power law (Hardin & Blandford 1989; Ibraim et al. 2011; Chaudhary 
et al. 2004; Hoque & Tatsuoka 2004). It can also depend on the soil density and stress experienced. 
Therefore, the normalised value Ez was modelled with a function of the normalised vertical stress 
σz/pr expressed as: 
Ez / F(e)= a (σz / pr )
m (6-2) 
where a is a dimensionless soil constant, pr represents a reference pressure (1 kPa) and the 
constant values of m is the exponent of the power function.  





Figure 6-10 Vertical stress influence on Young’s modulus for test S_M00C00 and S_M00C45. 
The relation between the vertical stiffness normalised with a function of the void ratio on the bi-
logarithmic scale plot results almost linear with the vertical effective stress to which the sample 
is subjected (Figure 6-10). The exponents m=0.602 obtained in test S_M00C00 and S_M00C45  
respectively,  results only slightly higher than the typical value obtained on sand (e.g in Toyura 
sand m=0.50 (Chaudhary et al. 2004) and in Hostun sand m=0.48 (Di Benedetto et al. 1999)).  
In the other hand, the normalised shear modulus has been found dependent on the circumferential 
and vertical stresses acting on the sample walls. The relation is defined in a general form as:  
Gθz / F(e)= a (σz / pr )
m
 (σθ / pr )
n
 (6-3) 
where the power law includes the product between σz and σθ and the correspondent exponents m 
and n.  




Figure 6-11 Stress dependency of Gθz/F(e) for tests S_M45C45 and S_M45C00.  
The shear modulus of S_M45C45 and S_M45C00, plotted on the bi-logarithmic scale, was found 
to increase almost linearly with the vertical stress (Figure 6-11). The coefficients and the 
exponents m=0.276 and n=0.200 were found by regression analysis.  
The parameters of Eq.(6-3) were obtained by discarding two of the shear modulus measurements 
obtained. It is suspected that the stress resting stage, prior to the application of the relative cyclic 
loading batch, was not long enough to exhaust all the creep strains. The development of unwanted 
creep deformations at the investigation points may cause an overestimation/underestimation of 
the value of small strain stiffness. A discussion about the importance of the creep time will be 











 Poisson ratio, νθz 
The evaluation of the Poisson’s ratio, νθz, was evaluated by linear regression of the circumferential 
and axial strains recorded during the application of small unload/reload cycles at the investigation 
points.   
 
Figure 6-12 Poisson’s ratio measured in isotropic condition tests S_M45C45. 
Figure 6-12 presents an example of the typical determination of the Poisson’s ratio at the isotropic 
condition (i.e. stage G) of test S_M45C45. Both strain components in Figure 6-12 were measured 
locally using vertical non-contact sensors to assess the variation of the vertical strains Δεz and 
radial local transducer to measure the outer radius change and derive the corresponded Δεθ of the 
sample. The evolution of the νθz values with the imposed deviatoric stress level throughout the 
Phase 1 of testing is presented in Figure 6-13 below. 




Figure 6-13 Evolution of Poisson ratio with the deviatoric stress imposed (‘Phase 1’). 
An average value between 0.32 (S_M45C45) and 0.36 (S_M00C00) was found between tests. The 
Poisson ratios were found essentially unaffected by the deviatoric stress state on which the sample 
was subjected.  
6.5 EFFECT OF CYCLIC LOADING 
 Observed change of stiffness during cyclic loading 
In this section, the effect of few thousands of small loading cycles is analysed by comparing the 
measurements from the non-contact sensors at the checkpoints before and after the application of 
the cycles. The aim was to detect stiffness variations due to the application of small amplitude 
loading cycles applied on the range of several stress levels. 
6.5.1.1 Influence of the stress state 
A summary of the stiffnesses of ‘Phase 1’ of the testing is reported in Figures 6-14a and b as the 
ratio between the initial (‘i’) and final (‘f’) shear and Young’s moduli measured at the beginning 
and at the end of each cyclic loading stage.  
With the sample taken to qave1 (stage B, D and F), the stiffness seems to slightly decrease with the 
application of the small loading cycles (up to –6%) except for the measurement of Young’s 
modulus of the S_M45C45 test (Figure 6-14c). Considering the number of investigation points 
performed at qave1, the variation of stiffness from the beginning of every cyclic stage results overall 
moderate.  






Figure 6-14 influence of the stress state in the stiffness change due to cyclic loading. 
Different outcome when the hollow cylinder sample was monotonically loaded at qave2. Figure 
6-14 shows an increase of stiffness for most of the tests subjected to small torsional cycles. The 
magnitude of the increase varies, from +2% in terms of Ez (test S_M45C45 and S_M00C45 in 
Figures 6-14a and d) to about +6% for the shear moduli measured for S_M45C45 and S_M00C45 
(Figures 6-14b and c). This suggests that there may be an influence on the ασ,c on the quasi-elastic 
response of the sand. 
At isotropic state (q=0 kPa), the application of cycles generally appears to weaken the sample 
(Figure 6-14). Contrarily, test S_M00C00 registered a sharp increase of the shear moduli ratio 
(more than 12 %). The reason for this peculiar result may rely on the duration of the creep stage. 
After reaching the desired consolidation stress level, it was necessary to maintain the sample 
under constant loading before starting the cyclic loading stage in order to let the creep strains to 
dissipate or cease down to a minimum value. This step was found very important in order to avoid 
inaccurate estimations of the small strain properties of the material. As creep strains develop 
slowly at low-stress ratios (Escribano 2014; Bowman & Soga 2003), not enough creep dissipation 
time was allowed at the isotropic stage and the cyclic loading was performed prematurely. This 
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may have influenced some of the results, therefore more attention should be paid in the next phase 
of tests. 
At the deviatoric stress level qave3 (i.e. stage E), the small strain stiffness ratios are a bit more 
scattered. In general, a loss of sample stiffness can be observed when the pre-cycle unloading was 
performed along ασ,m = 0 or 90° direction (e.g. S_M00C00 and S_M00C45 in Figures 6-14a and 
b). On the other hand, when the monotonic unload was applied through a torsional loading 
(Figures 6-14c and d) the sample stiffens up to +6%. It must be noted that the highest stiffness 
ratios recorded at stage E develop when the cyclic loading was applied in a different direction 
from the monotonic loading, hence when ασ,m ≠ ασ,m. The numerical analysis presented in chapter 
3 highlighted that a change in the loading direction is likely to happen in soil element surrounding 
monopile of OWT. Particular attention is therefore required in case the application of cycle 
varying the pre-cyclic loading direction affects the small strain stiffness of the sand. The next 
phase of the experimental campaign will address this aspect. 
6.5.1.2 Influence of preconsolidation direction 
The (Ez,f /Ez,i) and (Gθz,f /Gθz,i) ratios with the evolution of the mobilised friction angles (φ′m) are 
gathered in Figures 6-15a and b with the aim to detect the influence of the preconsolidation 
direction in the sample response after the application of each cyclic loading batch. 
 
Figure 6-15 Young’s and Shear moduli ratios between initial and final investigation points (a and b respectively) 
versus the mobilised friction angles (φ′m): influence of monotonic loading directions (ασ,m).  
Data measured at mobilised friction angles lower than 20° show a general loss a stiffness for both 
the ασ,m adopted in ‘Phase 1’. At stage E and C (φ′m =24.4° and 28.8°) the torsional 
preconsolidation appear to influence a positive change in stiffness (up to +5% in terms of Ez and 
+6.4% in terms of Gθz, see Figures 6-15a and b respectively). However, samples preconsolidated 
at ασ,m = 0° (or 90°), in most cases, tended to show a weaker response in term of stiffness. 




6.5.1.3 Influence of cyclic loading direction 
The same plot is re-proposed below (Figures 6-16a and b) to help determine the influence of the 
cyclic directions in any measured change of small strain stiffness during the loading stage.  
 
Figure 6-16 Young’s and Shear moduli ratios between initial and final investigation points (a and b respectively) 
versus the mobilised friction angles: influence of cyclic loading directions (ασ,c). 
The application of torsional cycles at the different loading stages varies its effect on the samples. 
The decrease of Ez,f /Ez,i at isotropic condition up to a ratio increase at higher mobilised friction 
angles (Figure 6-16a). For shear moduli ratios shown in Figure 6-16b, the effect of small torsional 
cycles seems to generally weaken the specimen  (Gθz,f /Gθz,i<1 in Figure 6-16b), However, a clear 
trend could not be identified for all the data prosed. 
6.5.1.4 Influence of returning on an already-experience stress level  
The stress path imposed at in ‘Phase 1’ was designed to take the sample to deviatoric stress qave1 
three times during the shearing (stages B, D and F). To account the influence of the stress 
experienced by the sand, both the Young’s and shear modulus (Ez,f  and Gθz,f) were normalized 
with the small strain stiffness measured at stage B (i.e. reference stiffness see Ez,ref and Gθz,ref  in 
Figures 6-17a and b respectively)  and compared with the final measurements recorded at the 
following stages B, D and F.  




Figure 6-17 Young’s and Shear moduli (Gθz) ratios between reference values and stiffness value at qave1 (Ez,f /Ez,ref 
(a) and Gθz,f /Gθz,ref (b)). 
Figures 6-17a and b, clearly display a consistent small decrease in the sample stiffness during 
each test. The weakening may be due to the stress history applied prior the measurements, which 
comprises the number of cycles imposed, the stress paths followed or a combination between 
them. The ratios only show a slight increase at the investigation point at qave1, however, the 
magnitude is so small that may be considered negligible.  
Despite the change in stiffness observed within the loading, batch was limited to 6% (see section 
6.5.1.1) the decrease can reach up to 7.2% (Figure 6-17a) and up to 8.3% (Figure 6-17b) when 
compared with the reference values. With the already mentioned exception of Gθz,f /Gθz,ref  for the 
stage F of test S_M45C45 which may be affected by measurements error such creep duration 
issue (see the blank triangle in Figure 6-17b). 
It must be stressed that any potential change on the small strain stiffness observed seems not 
related to any significant change in the sample volume. Volumetric strains gathered for 
S_M45C45 against the number of cycles applied are shown in Figure 6-18. At the beginning of 
the shearing, each the εv for each stage of the loading and the number of cycles was initialised to 
zero.  
The Figure 6-18 show results from test S_M45C45 as an example, however, the outcome was 
consistent in all test performed in the ‘Phase 1’. The residual strain, defined as the deformation 
produced from the first cycles, never reach values higher than 0.05%.  
 





Figure 6-18 Volumetric trend with the number of cycles for each stage of loading of test S_M45C45. 
A longer exposure of small amplitude loading cycles may uncover a larger change in the sample 
stiffness due to fatigue-type of damage, rather than volumetric-related damage. The next phase of 
testing (chapter 7) will emphasize the involvements of a larger number of cycles on the soil 
element in order to help to understand on the influence of cycles on the long-term dynamic 
response of OWT foundations. 
6.6 CONCLUSIONS  
This first phase of the testing programme has investigated the evolution of small strain stiffness 
under short-term cyclic loading for a range of initial multiaxial stress conditions and a range of 
multiaxial cyclic loading conditions. Four samples were pre-stressed over similar stress paths and 
cyclically loaded at six different stages (B, C, D, E, F and G) varying the stress level imposed to 
the sample. A combination of two monotonic and cyclic loading directions was varied to study 
its impact on the small strain behaviour. However, cyclic features such as amplitude, frequency 
and the number of the cycles were kept constant (unless indicated otherwise) throughout this first 
phase of the experimental programme.  
Small strain stiffness was monitored for each stage and the following conclusions can be 
summarised: 
 Measurement of stiffness with the small strain non-contact system is providing a reliable 
estimate of the quasi-elastic properties of the material. The observed evolution trends are 
consistent with those observed in the literature. Both Young’s modulus and Shear 
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modulus have been found to follow a power law with respect to the applied effective 
isotropic pressure.  
 The evolution of Young’s moduli resulted following a power law function of the normal 
stress developed in the vertical direction (i.e. the direction of the measurement). Shear 
modulus was found dependent on circumferential and vertical stresses. 
 Only a very small change of void ratio during the application of the set stress paths was 
recorded and no detectable variations were found on the account of the small loading 
cycles applied. However, a function ratio was applied in order to compare results from 
different specimens. The correction based on the void ratio function proposed was below 
1% of the relative uncorrected values of small strain stiffness for most of the test 
performed.  
 The largest variations of quasi-elastic moduli were found to be related to the variation of 
stress level if compared to the effect of cyclic loading.  
 The occurrence of creep deformation at the end of the pre-cyclic monotonic stage may 
considerably affect the measurement of small strain stiffness and may jeopardise the 
assessment of the evolution of small strain stiffness during cycling. While it was detected 
that cyclic loading may trigger some (possibly small) changes of stiffness, the presence 
of creep deformation has hindered these trends.  
 Based on the above, in view of the next stage of testing, it was found that largest resting 
period before cyclic loading should be applied in other to enable creep deformation to 
become negligible.  
 Cyclic testing batches with generally about 3000 cycles have been applied (with only a 
couple of exceptions up to about 6480 and 16380 cycles). However, in order to magnify 
any possible effect of cyclic loading on the small strain stiffness characteristics of the soil 
(and also simulate the long-term working condition of offshore structures), long-term 
cycling (much higher number of cycles) will be applied in the next testing phase. 
 




7 EXPERIMENTAL RESULTS: 
LONG-TERM CYCLIC 
INVESTIGATION 
7.1 INTRODUCTION  
The observations gathered during the ‘Phase 1’ of the experimental program have been used to 
design the “Phase 2” of testing programme, which instead dealt with the performance of long-
term (high number) cyclic loads and on the effect of cyclic features on the elastic properties of 
the material. The influence of the preloading stress direction (ασ,m), cyclic loading direction (ασ,c) 
and deviatoric prestress level (qave) has been addressed on the first stage of testing. In the second 
phase of testing few of the stress paths from ‘Phase 1’ were reproduced to investigate the effects 
of a very large amount small loading cycles on the elastic response of samples. During such very 
long cyclic tests, few of other parameters were varied such as creep duration, cyclic load 
amplitude, direction and frequency to assess if any of those would influence the cyclic behaviour 
of the Hostun sand. Four long-term tests were performed and described in the next section (Table 
7-1 presents the main features of each test) including the range of parameters which were tested 
during the ‘Phase 2’ of the investigation. Since soil stiffness is a critical parameter for the 
geotechnical design of offshore structures, especially OWT monopiles, much attention is directed 
towards the analysis of the small strain stiffness, which was precisely measured through the 
complex system of non-contact sensors positioned within the HTCA cell described in the previous 
Chapter 4. 
Table 7-1 Long-term characterization: list of the performed tests, where ασ,m and ασ,c stand for rotation of the 
principal stresses during monotonic and cyclic loading respectively and e0 is the initial void ratio. The overall 
number of cycles for each test and the mobilized friction angle (φ'm) achieved with the pre-cyclic load are also 
reported. 
Phase 2: long-term cyclic investigation 









L_M00C45 0.816 0º ±45 18.8 203040 
L_M00C45/90 0.807 0º ±45, 0, 90 18.8, 29.1 670005 
L_M00C45H 0.828 0º ±45 29.1 131670 
L_M45C22/67 0.832 45º ±22.5,±67.5 18.8 176850 
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Similarly to the previous chapter, general macroscopic trends of the experimental results are first 
presented then the analysis is centred towards the measurements at the small strain domain. 
7.2 Test L_M00C45: INFLUENCE OF LONG-TERM 
TORSIONAL CYCLES 
 Overall behaviour during the test 
Figure 7-1a presents the trend of the deviatoric stress (q) over time (expressed in hours) applied 
during test L_M00C45. This plot is not only useful to observe the overall deviatoric stress applied 
to the sample during the shearing, but it shows the time history of the long-term investigation. 
The application of a large number of cycles requires weeks or even months of testing; for this first 
long term-tests it was decided to perform cyclic loading at a higher frequency (0.2 Hz as shown 
in Table 7-2) resulting in the application of more than 200000 (2∙105) cycles in just over little 
more than 2 weeks.  
The initial idea of the long-term investigation was to perform continuous and uninterrupted small 
amplitude cycling for the whole test duration. However, as shown in Figure 7-1a, this was a 
challenging presumption and ‘Phase 2’ turned out to be more complex than expected. Just after 
only a week of testing, a fire alarm was triggered in the building and, for safety reasons, the 
hydraulic generator which powers the HCTA was turned off automatically. Under these 
conditions, the sample was automatically unloaded to an isotropic state and then slowly reloaded 
to the desired pre-cyclic stress level (see dotted line Figure 7-1a). After reloading, creep 
deformations were allowed to exhaust before taking any stiffness measurements.  
Although some interruptions of the hydraulic loading supply can be predicted as in the case of 
regular maintenance, most of the time, the disruption are due unpredictable sudden events (e.g. 
fire alarms, electric power cuts, hydraulics leakage, etc..), which unavoidably occurred during 
such an extended period of testing time. For example, the fire alarm in L_M00C45 happened 
during the application of the third batch of cycles (B3 in Figure 7-1a). To clarify, each cycling 
loading batch Bi represents in this work the cyclic sequence applied between two small strain 
stiffness measurements, or eventually between a small strain stiffness measurement and an 
unexpected interruption of the cyclic sequence. For example, the final checkpoint was not carried 
out and the small strain data to assess the response after the 15840 cycles applied in B3 is missing.  
Table 7-2 presents the characteristics of six loading batches – i.e. cyclic loading amplitude, 
direction and frequency of batches of B1 to B6  – and gathered them in two ‘cyclic loading stages’ 
(i.e. B1to3 and B4to6), performed before and after the hydraulic supply cut-off. As a clarification, 




the term cyclic stage in Table 7-2 is adopted to indicate the set of cyclic sequences Bi between 
loading interruption and subsequent unloading of the sample to the isotropic stage. 
Table 7-2 Details of the cyclic loading performed at each stage B for L_M00C45. The number of cycles performed 
for each loading batch including the accumulated number of cycles per each stage, the amplitude of cyclic 


















B1 ±0.8 ±45 0.2 15840 
79200 B2 ±0.8 ±45 0.2 47520 
B3 ±0.8 ±45 0.2 15840 
B4to6 
B4 ±0.8 ±45 0.2 28080 
123840 B5 ±0.8 ±45 0.2 15840 
B6 ±0.8 ±45 0.2 79920 
      203040 
Note: qampl = ±0.8 kPa are equivalent to τθz,amp= ±3.3 kPa. 
L_M00C45, similarly to the stage B of S_M00C00 and S_M00C45, was compressed up to qave1, 
underwent several hours of rest to allow creep deformations to dissipate and then was subjected 
to torsional cyclic loading (equally to S_M00C45). The amplitude of the cyclic loading was ±0.8 
kPa (qamp), which in terms of tangential stresses (τθz,amp), converted to ±3.3 kPa.  
While Figure 7-1b shows the stress path followed in the usual normalised tangential and 
deviatoric stress plane, Figure 7-1c shows the vertical stress evolution with the vertical strains 
(εz). The cyclic loading appears only as horizontal lines with the exception of the σz produced by 
the compressional cycles at the 6 investigations points (B1 to B6 in Figure 7-1c).  




Figure 7-1 Overall behaviour of L_M00C45 in terms of a) deviatoric stress over time; b) stress path in the 
normalised shear deviatoric space; c) stress and strain characterization; d) void ratio change during the whole 
period of testing. 
An initial light densification due to the monotonic preloading was observed in L_M00C45 (Figure 
7-1d), similar to what has been noticed in test S_M00C00 and S_M00C45 (Figures 6-5a and b). 
Despite the very large amount of torsional cycles (over 2∙105 cycles) only changes in the void 
ratio of about -0.4% (Δe ≈ 0.035) were observed during the shearing and most of the density drop 
was experienced in the first two sets of cyclic loading (B1 and B2 in Figure 7-1d). Figure 7-1d 
shows no relevant volume changes or strain developments after to the unload-reload loop occurred 
between the stages B1to3 and B4to6. 
 Evolution of the quasi-elastic parameters 
The evolution of the small strain stiffness after the application of a total of 203040 small torsional 
cycles on L_M00C45 is shown in Figure 7-2. The initial values, measured after the monotonic 
preloading compression, are indicated with right-pointing triangles, the final ones with left-
pointing triangles while a few intermediate checkpoints are highlighted with the same square 
markers (Figure 7-2). As pointed out above, it was not possible to get the small strain 
measurements after the third stage of loading (B3 in Figure 7-2) owing to of the sudden unload 
due to the hydraulic disruption.  





Figure 7-2 Stiffness evolution throughout L_M00C45 with an indication of the unloading-reloading loop during 
stage B3 (grey dotted line). 
With an increasing amount of cycles, it is possible to distinguish a small variation of both Young’s 
and shear moduli, especially in the first 1.5·104 to 2·104 cycles. Moreover, the unloading-
reloading loop (vertical dotted line in Figure 7-2) produces a stiffening effect in term of initial Ez 
measurements. Young’s modulus reported an increase of just under 10% relative to the 
correspondent value recorded after the reloading (Figure 7-3). The initial shear moduli (Gθz) 
instead, was found essentially unchanged. 
These effects are more evident in a plot with a smaller scale: in Figures 7-3a and b, the stiffness 
values are normalized with the void radio function (Eq. (6.1)) to account for the even the small 
change of density during the test. By normalising it is also possible to compare small strain 
stiffness evaluated from S_M00C00 and S_M00C45 which were also performed at ασ,m = 0°.  
The first clear observation is regarding the stiffness drops which, as mentioned previously, mainly 
occurs within the first 10 to 20 thousand cycles. The drops are consistent for both values of 
Young’s and shear moduli (Figures 7-3a and b).  




Figure 7-3 Normalised stiffness evolution for L_M00C45 in terms of Young’s and shear moduli with the 
progression of cycles (a and b respectively). 
Secondly, the stiffness degradation achieves a plateau (Figure 7-3a and b) and despite the sample 
was found stiffer after the second re-loading, the plateau values were found very similar for both 
sequences of cyclic loading batches (stages B1to3 and B4to6). 
This effect suggests that the initial sample stiffness may be artificial (Mandolini et al. 2017) or it 
may have been built to resist any loads along the direction of the pre-cycle loading (ασ,m=0° in 
case of L_M00C45) and a subsequent rotation of principal stress axes may disturb the soil fabric. 
In fact, once the cyclic loading is applied in a different direction (ασ,c=45°), the apparent stiffening 
seems to disappear (Figures 7-3a and b). To better evaluate the magnitude of this variation, the 
next plots (Figures 7-4a and b) gather the ratios between the values measured at investigation 
points with the stiffness measured at the beginning of each loading stage (Ez/Ez,i and Gθz/Gθz,i 
respectively).  
 
Figure 7-4 Sample stiffness throughout L_M00C45 compared between batches of loading cycles. 
The stiffness ratios from S_M00C45 are proposed in Figure 7-4 to offer a comparison with 
previous small strain measurements. The number of cycles involved in the ‘Phase 1’ of the testing 




was not able to trigger any changes in the elastic properties of the material. Through the second 
phase of testing this effect is analysed comprehensively. 
The decrease in shear moduli during the second stage of torsional cycles (see B4to6 in Figure 7-4b) 
results lower than the one observed at the first stage B1to3. The measurement of the initial shear 
modulus at the cycle batch B4 may have been underestimated. Further testing is necessary to verify 
if the sample weakening is consistent after the unloading-reloading loops.  
7.3 Test L_M00C45/90: LONG-TERM TORSIONAL 
AND COMPRESSION CYCLE AND EFFECT OF 
CYCLIC AMPLITUDE  
 Overall behaviour during the test 
The results of the previous test L_M00C45 have led to important findings: the application of small 
torsional cycles may induce a gradual decrease of the small strain stiffness which may be restored 
by a large load perturbation, such as an unloading-reloading loop.  
In order to confirm and further explore the findings of test L_M00C45, a second specimen was 
tested under the same loading conditions and then subjected to almost half a million torsional 
(ασ,c=±45º) cycles. Additionally, further axial (ασ,c=0º, 90º) cycles have been applied, while the 
effect of cyclic amplitude has also been investigated. Overall more than 6∙105 cycles of loading 
have been applied, which corresponds to about 3 times the number of cycles applied in the first 
long-term test of investigation ‘Phase 2’ (L_M00C45) and about 15-30 times the number of cycles 
applied in any of the ‘Phase 1’ tests. The imposed stress paths are highlighted in the normalised 
shear/deviatoric plot shown in Figure 7-5d. 





Figure 7-5 Overall behaviour of test L_M00C45/90: a) deviatoric stress (q) over time expressed in hours; stress 
and strain trend (b); c) void ratio change during 10 months of testing; d) stress path in the normalised shear 
deviatoric space. 
For nearly 10 months, the sample was placed inside the HCTA cell and subjected to cyclic 
loading. However, numerous unavoidable interruptions of the hydraulics supply (blue dotted lines 




in Figures 7-5a, b, c and d) occurred during such a long period of time. These typically caused an 
automatic and sudden unloaded of the sample to an isotropic state (q=0 kPa) which was then 
slowly reloaded to the previous stress level. As usual, all creep deformations were allowed to 
exhaust before the application of the cyclic batches (respectively green and black lines in Figure 
7-5b).  
Table 7-3 Details of the cyclic loading performed for test L_M00C45/90. The number of cycles performed for 
every stage is indicated together with the accumulated number of cycles throughout the test, the amplitude of 












B1to2 ±5 ±45 0.2 27900 27900 
B3to7 ±5  ±45 0.05 73350 104849 
B9to11 ±5 ±45 0.05 45900 150750 
B13 ±5 ±45 0.05 8505 159255 
B14to17 ±5 ±45 0.05 29700  213615 
B19to20 ±5 ±45 0.05 34110 252225 
B21to22 ±5 ±45 0.05 21240 285705 
B23 ±1.25  ±45 0.05 12240 297045 
B26to27 ±1.25  ±45 0.05 16470 313515 
B28to30 ±5 0º, 90º 0.05 47250 360765 
B31to35 ±0.5 ±45 0.05 69660 430425 
B39 ±5 0º, 90º 0.05 8460 451215 
B40 ±5 0º, 90º 0.05 12240 463455 
B42to47 ±5 0º, 90º 0.05 81810 548775 
B48 ±1.25  ±45 0.05 16740 565515 
B49to51 ±1.25  ±45 0.05 39420 604935 
C53 ±1.25 ±45 0.05 3780 610155 
C54to58 ±1.25 ±45 0.05 59850 670005 
Note: qampl = ±0.5, 1.25 and 5 kPa are equivalent to τθz,amp= ±2, 5 and 12 kPa respectively. 
Table 7-3 shows the characteristics of the cycle batches performed during each unloading-
reloading loop, a total of 58 small strain measurements were performed throughout test 
L_M00C45/90.  
Data collected between investigation points and unexpected unloads could not be used for the 
analysis as the final small strain measurements were missing. However, the number of cycles 
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performed from the last available investigation point and the unloading-reloading loop was 
included in the overall cycle counting following the practice adopted for test L_M00C45.  
The deviatoric stress progression over time is presented in Figure 7-5a. About 89% of the cycles 
were applied at qave1 while the final 63630 cycles were applied at qave2. Few long interruptions 
(e.g. B8 and B41, the first one for maintenance and the second one due to the closure because of 
the soil mechanics laboratory) kept the sample at isotropic state for several days, the data during 
these disruptions was omitted in Figure 7-5 to enhance the clarity of data presentation.  
At the creep stages (green lines in Figure 7-5b), the sample was left ‘resting’ for few hours while 
the HCTA loading control system held its stress level after the first monotonic preloading to qave1 
(B1 in Figure 7-5b). It is noticeable that the first creep stage (B1 in Figure 7-5b) produced the 
highest amount of strain within any other creep stages. The same observation can be made for the 
first cycle loading batches (up to B14to17 in Figure 7-5b) which generated the most of εz strains 
(approximately 78%) after less than half the overall cycles (2.17∙105  cycles) applied at qave1. 
However, the axial strain reached over such large amount of cycles is about 0.35% after the 
consolidation stage (Figure 7-5b). εz gains up to almost 2% when the sample was subjected to the 
higher deviatoric stress level (qave2) as shown in Figure 7-5b.  
The volumetric behaviour showed above (see Figure 7-5c) is similar to the trends seen for tests 
S_M00C00, S_M00C45 and L_M00C45 (Figures 6-5a and b and Figure 7-1d respectively) where 
the pre-cycle loading to the status B produces a light densification follow by a softening. For tests 
L_M00C45 (Figure 7-1d) and L_M00C45/90 (Figure 7-5c) the initial drop in the void ratio is 
recovered by the first 2∙105 cycles, although in case of the latter, the application of further cycles 
appears to produce a second densification. 
Changes in the volume shown in Figure 7-5c are considered very small as the max variation in 
void ratio was found within a range 0.53% even after the application of such a large amount of 
small loading cycles (about 6·105 cycles as shown in Table 7-3).   
 Small strain evolution during torsional loading 
The sample was subjected to batches of small torsional cyclic loading for the first 3·105 cycles 
circa (Table 7-3). The amplitude (qamp) of the cyclic loading was ±5 kPa (equivalent to about 
τθz,amp= ±12 kPa) and the frequency used was 0.05 Hz (Table 7-3). By plotting the small strain 
stiffness, normalized by the void radio function (Eq. (6-1)), measured between the unavoidable 
unloading-reloading loops (Figures 7-6a and b), it is possible to see clear similarities with test 
L_M00C45 (Figures 7-6a and b). 





Figure 7-6 Small strain stiffness evolution of test L_M00C45/90 after the application of 300k small torsional 
cycles: Young’s modulus Ez/F(e)(a) and shear stiffness Gθz/F(e) (b). 
Similarly to the trends observed in the previous experiment of ‘Phase 2’, test L_M00C45/90 shows 
a stiffer behaviour consistently right after each monotonic compressional loading/re-loading 
(Figure 7-6). This initial stiffness built up, once again, seems to drop with the first few thousand 
torsional cycles (ασ,c=±45°). The drop occurs with the application of the first few thousand cycles 
(from 1·104 to 2·104), after which, the measured small strain stiffness seems to maintain the value 
for remaining cycles of the stage. The stiffness plateau value is similar between the different sets 
of cyclic loading batches, with the exception of Young’s modulus measured at the beginning of 
L_M00C45/90 (Figure 7-6a). The stage B1to2 was performed at a lower cyclic amplitude (qamp=±3 
kPa, see Table 7-3) compared with the rest of stage within the first 300k cycles. The second half 
of test L_M00C45/90 was dedicated to the investigation of a set of variables which may influence 
the elastic propriety of the material, the cyclic amplitude is expected to be one of the most 
influential variable and its effect on the cyclic behaviour is investigated by performing several 
cycle bathes at various amplitudes and discussed in the following section 0.   
The initial “artificial stiffness” effect (Figures 7-6a and b) confirms the finding from test 
L_M00C45, therefore caution should be taken is choosing this initial small stiffness 
measurements as a design parameter. Selecting them as the representative soil stiffness for the 
given stress level and density may represent an unconservative prediction. Furthermore, variables 
as ageing or creep duration or stress history may also influence the initial soil stiffness, discussion 
on the matter will be provided later in this chapter.  
As mentioned, both Young’s modulus and shear stiffness evolutions seem to be affected by qamp 
(Figure 7-6) and since L_M00C45 was performed with smaller cycles (qamp=±0.8 kPa, see Table 
7-2), this may explain the different size of the stiffness drops between the tests. 
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To assess the magnitude of the drop, the next plot shows the ratio between the initial stiffnesses 
or ‘reference’ stiffness (right-pointing triangles in Figures 7-6a and b) with the successive 
measured ones for the whole cycle batch.  
 
Figure 7-7 Stiffness ratio (Ez/Ez,i on the left and Gθz/Gθz,i on the right) organised by stages of cyclic loading for 
test L_M00C45/90. 
Figures 7-7a and b offer an easier evaluation of the stiffness drops, which in terms of Young’s 
modulus appears to reach values ranging from 89% (B7 in Figure 7-7a) to 96% (B20 in Figure 
7-7a) of the initial value. The drops for the Gθz measurements are less scattered and achieve about 
80% to 85% of the relative initial stiffness (Figure 7-7b). The plateau for both the measured small 
strain stiffness (Figures 7-7a and b) is confirmed to develop approximately after the application 
of 1·104 to 1.5·104 cycles in line with the findings from L_M00C45.  
As it was noted in Figure 7-4b, measurements from the second sequence of cyclic batches (B4to6) 
performed on the previous sample (L_M00C45) show a limited drop in the shear modulus ratio. 
As the sample weakening effect seems to be consistently stronger in Figure 7-7b, it is believed 
the initial measurement of the shear modulus in stage B4to6 may have been underestimated. 
 Cyclic loading direction (ασ,c) effect 
Part of the second half of test L_M00C45/90 focused on the analysis of the stiffness drops 
observed after the application of few thousand cycles following the unloading-reloading loops. In 
order to investigate the influence of the cyclic loading directions (ασ,c) for several cycle batches 
(B28to30, B39, B40 and B42to47 see Table 7-3), almost 1.5·105 (Table 7-2) compressional cycles were 
applied to the specimen so that the cyclic loading direction (ασ,c) matched the monotonic loading 
direction (ασ,m).  





Figure 7-8 Influence of the cyclic loading direction on Young’s and shear moduli (Ez on the left and Gθz on the 
right respectively) organised by stages of cyclic loading for test L_M00C45/90 (Mandolini et al. 2017). 
Figures 7-8a and b reveal the influence of cyclic loading direction (ασ,c) on the stiffness trend (Ez 
and Gθz respectively) within each sequence of loading cycles. In particular, for torsional 
(ασ,c=±45º) cycles, there is a repeatable decreasing trend to apparently a stable Young’s and shear 
modulus reached within the first 1.5·104 to 2·104 cycles. From Figure 7-9b the drop seems to 
reach about 20%, while Ez measurements decrease up to 10% from the value at the start of the 
cyclic sequence (Figure 7-9a). Regarding axial (ασ,c=0º, 90º) loading cycles, there is only a very 
limited drop in shear stiffness. The measured drops in Ez are close to 3-4 % (Figure 7-9a) while 
in terms of shear modulus appear in the order of about 2-3% in Figure 7-9b. 
 
Figure 7-9 Influence of the cyclic loading direction on Young’s and shear modulus ratios for test L_M00C45/90 
(Ez/Ez,i on the left and Gθz /Gθz,i on the right respectively). 
With the sample monotonically compressed to qave1, the sand particles within the sample matrix 
tend to align in order to offer the best resistance in the axial direction. In case of torsional cycles 
following the monotonic axial load, the initial stiffness status (right-pointing triangle markers in 
Figures 7-8a and b) drops dramatically within the first few thousand cycles as the particles need 
to adjust their orientation to provide the best chances to hold the load.    
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As proposed in previous plots, for Figures 7-8 and 7-9 the number of cycles was zeroed at each 
interruption. The initial stiffnesses (i.e. reference value measured at the start of each loading 
batch) gathered on the left of the plot, interestingly, seems to increase after every unloading-
reloading loop. The stiffening influences only the initial small strain measurements of Young’s 
and shear moduli while the stabilised values achieved after the application of the first 1.5·104 -
2·104 torsional cycles remain consistent.  
 Initial small strain stiffness measurement 
The evolution of the initial Young’s and shear moduli for each loading sequence during the whole 
test L_M00C45/90 is reported in Figure 7-10.  
 
Figure 7-10 Evolution of the initial stiffness (Ez and Gθz) for each cycle batch after reloading throughout test 
L_M00C45/90 (Mandolini et al. 2017). 
The overall increase in stiffness reaches about an 8% compared with the initial measurements at 
B1 (see Figure 7-10) for both Young’s and shear moduli. The effect was not associated with 
considerable variation in the void ratio (see Figure 7-5c), therefore it may be that the unloading-
reloading loops could cause a spatial grain arrangement within the soil matrix producing a stiffer 
structure of the sample. Given the tools of this investigation, it is not possible to inspect the 
microstructure of the sand sample, so this conclusion cannot be confirmed. 
Young’s moduli, during stages B1to2 and B3to7, were found slightly higher than the following 
measured small strain Ez. This stiffening may be also due to a special packing of particles obtained 
after the first loading (B1) and the first reloading (B3). It is likely that the second unloading-
reloading loop which occurred prior B9 stage (Figure 7-10), ‘unlocked’ this temporary packing 
and set a lower vertical stiffness which then followed consistently the increasing trend observed 
for the next half million of cycles.  




However, it needs to be stressed that the fabric build-up may be only temporary: the results in 
Figures 7-7a and b have shown that after 1.5·104 to 2·104 small torsional cycles the stiffnesses 
tend to stabilise around a given value. 
 Cyclic loading amplitude (qamp) effect 
Once assessed the influence of the direction of the applied loading (ασ,c) with regards to the 
magnitude of the stiffness drops, this section investigates another fundamental player in 
influencing the properties of the granular samples, the cyclic loading amplitude. 
Several of the cycles batches and a few groups of loading batches performed in test L_M00C45/90 
(e.g. B23, B25, B26, B31to35, B31to35, B48 and B49to51) were focused on the effects of the loading 
amplitude of the torsional cycles in relation to the elastic properties of the sample. Figures 7-11a 
and b gather the small strain stiffness measured during these batches and compare them with the 
results from some of the cycles applied in the first half of the L_M00C45/90 test. 
 
Figure 7-11 Loading amplitude influence on the Young's and shear modulus ratios for test L_M00C45/90 (Ez/Ez,i 
on the left and Gθz/Gθz,i on the right). 
The amplitude of the torsional loading seems to influence the stiffness of the sample during the 
loading. Variations of the Young’s and shear modulus ratios up to 5% (Figure 7-11a) and 11% 
(Figure 7-11b) are reported for the cycle batches after the application of about half the maximum 
cyclic amplitude used in test L_M00C45/90 (τθz,amp= ±5 kPa). While for the cyclic amplitude 
performed for most of the test (qamp=±5 kPa or τθz,amp= ±12 kPa) the stiffness drops dramatically 
reaching reductions as far as 11% and 17% (Figures 7-11a and b respectively). 
Only very little variations of Ez/Ez,i or Gθz/Gθz,i  at stage B31to35 (Figures 7-11a and b) despite the 
sample being subjected to almost 7·104 torsional cycles (Table 7-2) with the smallest amplitude 
of the range (τθz,amp= ±2 kPa equivalent to qamp=±0.5 kPa). Young’s and shear moduli reported in 
Figure 7-11a and b drop only within 3.5% of the reference values.  
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7.4 Test L_M00C45H: INFLUENCE OF AVERAGE 
DEVIATORIC STRESS 
 Overall behaviour during the test 
The third test of ‘Phase 2’ (L_M00C45H) explored the soil behaviour after the application of a 
large number of small loading cycles at higher stress level (qave2), simulating the conditions 
applied at stage C on the short-term investigation. More than 1.3·105 torsional cycles (Table 7-4) 
have been applied at ασ,c= ±45° once the sample was brought to the 2/3 of the ultimate deviatoric 
stress (qult). 
Table 7-4 Details of the cyclic loading performed at each stage C for test L_M00C45H.  The number of cycles 













C1to3 ±0.5 ±45 0.05 23670 23670 
C4 ±0.5 ±45 0.05 11970 35640 
C5to6 ±0.5 ±45 0.05 24210 59850 
C7to10 ±1.25 ±45 0.05 60570 120420 
C12to13 ±1.25 ±45 0.05 11250 131670 
Note: qamp = ±0.5 and ±1.25 kPa are equivalent to τθz,amp= ±3 and ±5 kPa respectively. 
Table 7-4 reports the main features of the sequence of five cyclic batches performed between few 
unavoidable interruptions which, as usual, caused the sudden unload of the sample to q=0 kPa 
(Figure 7-12a). The monotonic reloading procedure in L_M00C45H (Figure 7-12) required longer 
time on account of the consistent load rate (0.5 kPa/min) kept for all the performed tests. The 
amplitude of the cyclic loading (qamp) was varied between the first and second half of the test 
L_M00C45H. The stages C1to3, C4 and C5to6 gather almost 6·104 cycles applied at an amplitude of 
±0.5 kPa while, for the second half (C7to10 and C12to13 in Figure 7-12a), the sample was subjected 
to more than 7·104 cycles and the cyclic amplitude was doubled (qamp ±1.25 kPa, see Table 7-4).  






Figure 7-12 Overall behaviour of test L_M00C45H a) deviatoric stress (q) over time expressed in hours; stress 
and strain trend at qave2 (b); c) void ratio change during the cyclic testing stage; d) stress path in the normalised 
shear deviatoric space. 
Figure 7-12b shows that the majority of the axial strains due to creep displacements, develops at 
the first checkpoint (C1), despite the creep time was consistent for the consecutive reload (C4, C5, 
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C7 and C12). The initial monotonic pre-cycle load also produces the larger change in void ratio, 
which drops from 0.823 to 0.82 while, in case of the other unload-reload loops the variation was 
limited (Figure 7-12c). The first four cycles batches develop a very slight increase of void ratio, 
followed by a densification from C5 (Figure 7-12c) and the sample’s void ratio eventually drops 
about 0.5% from the value reached after consolidation. However, Figure 7-12c shows a sudden 
fall in the void ratio (0.2% circa) between the stages C5to6 and C7to10 which happened during the 
sudden unloading of the sample. This phenomenon may be due to particle rearrangements or any 
similar micromechanism within the soil matrix experienced in between the stages.  
Finally, Figure 7-12d presents the stress paths followed in test L_M00C45H, in the normalised 
shear/deviatoric stress planes. The stress paths applied was similar to the one imposed in test 
S_M00C45, L_M00C45 and L_M00C45/90 (see Figures 6-3, 7-1 and 7-5 respectively). 
 Evolution of the quasi-elastic parameters 
The small strain stiffness measured at the investigation points are plotted with the total number 
of cycles in Figures 7-13a and b. For comparison, results from test L_M00C45/90 are also reported 
and therefore the value of Ez and Gθz are normalised with the function of the relative void ratios 
F(e).  
 
Figure 7-13 Small strain stiffness evolution for test L_M00C45H: Young’s modulus (a) and shear stiffness Gθz 
(b). 
The stiffness drops, which have been seen consistently occurring within the second phase of 
testing, appear also at higher deviatoric stress level (Figure 7-13), given the rotation of principal 
stress direction between cyclic and pre-cyclic loading (ασ,m=0° to ασ,c=±45°). A comparison 
between the stiffness change measured at different stress level will be provided in the next section. 
The effect was also observed in the final part of the previous (second) test of ‘Phase 2’ 
L_M00C45/90 when the sample was brought to a higher deviatoric stress level (C53 and C54to58). 




The difference between Young’s moduli measured at the beginning and at the end of stage C53 
was only limited to 0.5% in terms of Ez modulus while 3% in terms of shear modulus (Figures 7-
13a and b respectively). These variations are comparable to the ones observed in the ‘Phase 1’ 
tests (section 6.5.1) as the number of cycles applied is similar (3780 in B53, see Table 7-2). Few 
Ez values are missing (C54to58 Figure 7-13a) because during the last investigation points at the end 
of test L_M00C45/90 one of the sensors (S2 see Figure 4-16) was found in contact with its 
correspondent target, therefore these measurements could not be considered in the analysis of the 
results.  
Another consistent outcome of the ‘Phase 2’ tests is the increase in the reference stiffness after 
each unloading-reloading loop. These values are highlighted with right-pointing triangle markers 
in both Figures 7-13a and b and they will be further analysed further in this chapter.  
 Influence of the average stress level (qave) 
Figure 7-14 presents the ratios of the small strain stiffness measurement between cyclic stages 
under the application of the same cyclic loading amplitude (τθz,amp = ±5 kPa).  
 
Figure 7-14 Influence of the stress level in test L_M00C45H: Young’s (a) and shear modulus (b) ratios. 
The stress state was found to affect, even if only marginally, the loss of sample stiffness after the 
first application of small torsional loading. The drops appear to achieve slightly larger ratios when 
the cyclic loading is performed at lower deviatoric stress level (qave1) in test L_M00C45/90 (B48 
and B49to51). The difference is limited for Young’s modulus ratios (approx. 2% in Figure 7-14a), 
however the outcome was found rather clear for the shear modulus measurements (Gθz /Gθz,i) and 
the plateau for cyclic loading carried out at stage B (qave1) was found 5% lower (Figure 7-14b).  
It must be noted that the Ez ratios measured at the end of the third cyclic batch in the sequence 
B49to51 (test L_M00C45/90) show an increase in sample stiffness at B49 (Figure 7-14a) which is 
unusual considering the previous trends observed. This stiffening may have influenced the final 
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reading after 4·104 torsional cycles. Figure 7-14b instead shows that the shear moduli ratios 
obtained in test L_M00C45H reached a higher plateau of values in comparison to the previous 
test. The higher deviatoric stress level reduced the change in stiffness due to torsional cycles. 
Already after 2·104 cycles, the sample performed at qave1 suffered a loss in stiffness of over 10% 
from Gθz,i (Figure 7-14b). 
 Initial small strain stiffness measurement 
During the 10 months-long test (L_M00C45/90) it was observed a light increases in the initial 
small strain stiffness. This effect also occurred at a higher deviatoric stress level (qave2) as shown 
in Figure 7-15. The rate of the increase of Ez and Gθz over 134200 torsional cycles are respectively 
4.5% and 12%. The percentages found in the previous test (L_M00C45/90) were very similar 
(4.6% and 11.3% related to initial Young’s and shear moduli respectively), however, the 
stiffening occurred over 6.5·105 cycles and 3 times the number of interruptions encountered 
during test L_M00C45H (Figure 7-10). Therefore, the rate of increasing initial stiffness was found 
higher as the deviatoric mean pressure raise to qave2. 
 
Figure 7-15 Evolution of the initial stiffness (Ez and Gθz) for each cycle batch after reloading throughout 
L_M00C45H. 
If the stiffening is related to micro fabric changes during interruption of the hydraulic supply, the 
stress level may play an important role. Either the sudden unload or the slow reload between the 
isotropic state and a higher qave could develop a different particle distribution owing to the larger 
stress level involved in the unload/reload, this may stiffen the sample more in L_M00C45H 
despite the sample was subjected to a fewer amount of cycles.  




 Cyclic loading amplitude (qamp) effect 
The magnitude of the sample stiffness drops can be also evaluated in Figures 7-16a and b, where 
the Young’s and shear moduli of each cycle batch are normalised by their initial value (Ez,i or 
Gθz,i) and the number of cycles is initialised to zero for each stage.  
 
Figure 7-16 Stiffness ratio (Ez/Ez,i on the left and Gθz/Gθz,i on the right) gathered to study the amplitude effect for 
test L_M00C45H.  
As seen for the L_M00C45/90 test (Figures 7-11a and b), the influence of the cyclic loading 
amplitude is clear in both small strain stiffnesses. For the cyclic amplitudes of ±0.5 kPa 
(equivalent to τθz,amp = ±3 kPa) the drop is contained within 2% in term of Ez (Figure 7-16a) and 
3.5% in term of Gθz (Figure 7-16b). At cyclic loading stages C7to10 and C12to13 the torsional cycles 
were applied at double the amplitude (τθz,amp = ±5 kPa) and Young’s modulus drop 3.5% from the 
original value while up to 7% drop was observed for the shear modulus. The stiffness change 
from the initial values depends on the cyclic stress amplitude, and the trends in Figures 7-16a and 
b are in line with the observations from test L_M00C45/90. However, the magnitude of the drops 
differs significantly between the two test and in case of the cyclic batches with τθz,amp = ±5 kPa 
(B49to51 in Figures 7-11a and b) the stiffness reduction was almost double.  
This confirms again the importance of the stress level on the change of quasi-elastic property of 
granular soils subjected to cyclic loading. At a lower deviatoric stress level (qave1) the apparent 
stiffness recorded after a monotonic load/reload is about 5% to 11% higher in terms of Young’s 
and shear moduli respectively than the original values. In both test L_M00C45/90 and 
L_M00C45H, the plateau of constant small strain stiffness was achieved after the application of 
the typical first 1.5·103 to 2·103 torsional cycles. 
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7.5 Test L_M45C22/67: COMPLEX CONSOLIDATION 
AND CYCLIC STRESS PATH SIMILAR TO SOIL 
ELEMENT AROUND THE PILE 
 Overall behaviour during the test 
The idea behind test the last test of ‘Phase 2’ L_M45C22/67 was to reproduce the stress paths 
obtained from the numerical analysis performed prior the HCTA testing (Chapter 3). In particular, 
Figure 3.30 shows the stress outcome in terms of normalised shear/deviatoric stress, on a single 
soil element positioned around the shaft of a laterally loaded OWT monopile foundation (Figure 
3.31). The pile installation develops tangential stresses in most the soil elements in the proximity 
of the foundation, the stress path can be represented by a monotonic load along ασ,m=45° direction 
(see section 3.3.4). Once the horizontal loads due to winds and waves start acting on the 
foundation, a clear change in stress direction usually occurs. This effect can vary depending on 
the distance of the soil element from the seabed surface (Z in Figure 3.12), from the pile shaft (D 
in Figure 3.12) or depending on the position of the element in relation to the direction of the lateral 
load (A in Figure 3.12).  
Since the direction of the cyclic loading could also vary given the natural unpredictability of the 
offshore environment, it was decided to include a wider range of cyclic loading directions 
imposed in the experimental investigation. In particular, the numerical analysis suggested that 
most of the soil elements located in front of a monopile – i.e. opposite to the direction of horizontal 
load – experienced a variation of the loading direction to between ασ=20° and 30° with the 
application of the horizontal load on top of the foundation (Figure 3.30). The complementary 
cyclic loading direction (ασ=67.5°) was also imposed during cyclic loading in order to better 
understand the effect of combined torsional and axial loading cycles. 
Thanks to the versatility of the HCTA it was possible to recreate these conditions and to 
investigate the sample response under the application of a large amount of small cyclic loadings 
in test L_M45C22/67. As shown in Table 7-5, the cyclic loading direction (ασ,c) imposed to 
simulate the change in stress direction was ±22.5° and ±67.5° and amplitude matched the 
amplitude performed in most of the tests (qamp=±5 kPa). 
 




Table 7-5 Details of the cyclic loading performed at each stage B for test L_M45C22/67.  The number of cycles 













B1to6 ±5 ±22.5 0.05 87750 87750 
B8to11 ±5 ±22.5 0.05 32580 120330 
B12 ±5 ±22.5 0.05 8280 128610 
B13to14 ±5 ±67.5 0.05 10260 138870 
B15to17 ±5 ±67.5 0.05 37980 176850 
A total amount of 176850 cycles were split into two main groups of cycle batches, the first part 
(1.3·104 cycles circa) was applied at ασ,c =±22.5° while the remaining ones (approximately 5·104  
cycles) were applied at ασ,c =±67.5°. These loading directions were imposed by using a 
combination of torque and axial force on top of the sample. 
In Figure 7-17d the stress paths appear as an ‘asterisk symbol’ shape as it includes cycles applied 
at 22.5° and 67.5° but also stiffness measurements at investigation points (from B1 to B17) applied 
on the 0° and 45° directions. Results of seven weeks of testing are presented in the usual format 
in Figures 7 17a, b, c and d. The stress and strain behaviour of L_M45C22/67 (see Figure 7-17b) 
is shown in the shear stress and strain plane as for the test S_M45C45 and S_M45C00 (Figures 6-
3c and b) given the direction of the monotonic load (ασ,m =45°).  
Few unloading-reloading loops were performed during the test. In particular, as evident in Figure 
7-17b, the sudden unload between the cyclic loading stage B1to6 and B8to11 seems to have developed 
0.4% of shear strains (γθz) and the consequent reload did not perfectly reach the qave1 (Figure 
7-17a). A slight void ratio change (less than 0.5%) was found during test L_M45C22/67, despite 
more than 1.7·104 cycles applied (Figure 7-17c). This outcome was in line with all the previous 
tests performed.  




Figure 7-17 Overall behaviour of L_M45C22/67 a) deviatoric stress (q) over time expressed in hours; stress and 
strain trend at qave2 (b); c) void ratio change during the cyclic testing stage; d) stress path in the normalised shear 
deviatoric space. 
 Evolution of the quasi-elastic parameters 
Young’s and shear moduli, shown in Figure 7-18, are indicated with red and blue markers 
respectively. Different markers identify the initial, intermediate or final investigation points (see 
the legend in Figure 7-18). Both small strain stiffness values have been normalised by the void 
ratio function to account for the variation in void ratio not only between different samples but 
between each cyclic loading batch within the sample. 
Test L_M45C22/67, similarly to L_M00C45, L_M00C45/90 and L_M00C45H, recorded a series 
of stiffness drops between unloading-reloading loops (Figure 7-18). The influence of the loading 
directions and the magnitude of this effect will be explored in the next sections. 





Figure 7-18 Stiffness evolution normalised by the void ratio function F(e) throughout test L_M45C22/67 with an 
indication of the unloading-reloading loops during (grey dotted lines). 
As anticipated in the previous section, the interruption of the hydraulic supply between B1to6 and 
B8to11 produced a 0.4% of shear stresses (Figure 7-17b) which, in turns, caused a reduction of the 
sample stiffness as the measurements of Ez and Gθz shifted down from the stage B8to11 (Figure 
7-18). The influence on the initial stiffness throughout the test will be analysed in the next section.   
 Initial small strain stiffness measurement 
In the previous long-term tests, a slight increase in the initial values of stiffness has been noticed 
regularly. In general, this effect is only visible in longer tests when a large number of cycles is 
involved, and numerous interruptions of the hydraulic supply are likely to occur.  
However, this effect can still be pictured in Figure 7-19, from the investigation point at B8, the 
sample was found to be weaker due to a sudden shear strain accumulated during the previous 
interruption. This may have damaged to the initial sample fabric forcing the sand matrix to 
rearrange and produce a slightly different structure (i.e. weaker in case of the investigation point 
B8, see Figure 7-19).  




Figure 7-19 Evolution of the initial stiffness (Ez and Gθz) for each cycle batch after reloading throughout test 
L_M45C22/67. 
Overall the initial small strain stiffness measured after the interruption seems to increase with the 
number of cycles (Figure 7-19) regarding the limited amount of cycles remaining from B8. This 
outcome confirms the general trend observed in all the sample tested.  
 Cyclic loading direction (ασ,c) effect 
It is confirmed from the previous ‘Phase 2’ tests that the quasi-elastic properties of the material 
are influenced by a change in the loading direction between monotonic (ασ,m) and cyclic (ασ,c) 
stage of the loading. Test L_M45C22/67 aims to investigate as to whether a change in the ασ,c 
alone can produce any measurable effect on the cyclic behaviour of the material. 
 
Figure 7-20 Stiffness ratio (Ez/Ez,i on the left (a) and Gθz/Gθz,i on the right (b)) to study the influence of the loading 
directions (test L_M45C22/67).  
Figure 7-20 explores all the cyclic loading directions (ασ,c) performed in the second stage of the 
testing programme. In particular, the plot Figure 7-20 offers a comparison between cyclic loading 




stage of test L_M00C45/90 and L_M45C22/67 and, as usual, data are presented as stiffness ratios 
with the number of cycles set to zero per each sequence of cyclic batches.  
The stiffness drops experienced imposing ασ,c =±22.5° (B1to6 and B8to11 of test L_M45C22/67) and 
in stages B12, B13to14 and B15to17 performed at ασ,c =±67.5° look very similar (Figure 7-20). It has 
to be noted that the monotonic loading direction ασ,m was different between the tests (i.e. 45° in 
L_M45C22/67 and 0° in L_M00C45/90). However, it is confirmed that the stiffness drops are 
remarkably larger when the following cyclic loading is performed along a different loading 
direction (i.e. if ασ,m ≠ ασ,c). The loading batches which were not subjected to rotations between 
the monotonic and cyclic loading (ασ,m = ασ,c), showed almost no difference of the Ez and Gθz 
values from their relative reference (Figures 7-8a and b in section 7.3.3). An example of the small 
strain stiffness measured in L_M00C45/90 is reported in Figures 7-20a and b from batches B3to7 
performed at ασ,c =±45° and B28to30 performed at ασ,c =0, 90°.  
Furthermore, the cyclic stages performed at ασ,c = ±22.5° and ±67.5° do not show a clear plateau 
with the increase of the number of cycles (Figures 7-20a and b). This may suggest that a longer 
application to small amplitude cyclic loadings could potentially reveal that cyclic loading applied 
to HCTA samples using a combination of axial force and torque can be detrimental to the soil 
stiffness.  
7.6 CONCLUSIONS 
A testing program to investigate the effect of long-term multiaxial small amplitude cycles on the 
quasi-elastic properties of a granular soil has been carried out. The experimental testing was 
performed on the HCTA measuring strains locally through to a complex system of high precision 
non-contact sensors. Overall, more than a million cycles have been applied over four tests and 
each test focused on specific aspects which were thought to influence the cyclic loading behaviour 
in granular soils. However, unavoidable interruptions of testing took place during the applied 
cyclic loading stages resulting in unloading to the isotropic stage and subsequent reloading to the 
average cyclic stress level. While these interruptions disrupted the application of consecutive 
loading cycles, they still lead to some important insight on the cyclic behaviour of the granular 
materials. The findings from the experimental work presented in this chapter can be summarised 
as follow: 
(i) The application of the large unloading-reloading loops (related to interruption of the 
loading system) between small amplitude cyclic stages resulted in a progressive slight 
stiffening of the samples at the first investigation point of the applied cyclic loading stage. 
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This effect may be related to micro fabric changes within the sample occurring during 
these large amplitude single cycles. The increase in stiffness occurred in all the tests 
performed and it was not associated with any relevant volume change.  
(ii) The application of high-number of small amplitude cycles led to a decrease of small strain 
stiffness with large number of cycles. The decrease of stiffness was recorded within 1.5-
2·104 cycles after which a constant/stable value seems to be reached. This has been proved 
until the application of 1.25∙105 cycles (test L_M00C45, cyclic stage B4to6). The stable 
values of stiffness were found to be up to 20% lower than the initial one, depending on 
the applied cyclic loading conditions as detailed in the following conclusions.  
(iii) The last observation suggests that the increase of the small strain stiffness values related 
to the large unloading reloading loops is only temporary and it consistently vanished with 
the application of the first 1.5-2·104 cycles. 
(iv) The stiffness drops during the application of large number of small amplitude cycles were 
found dependant on the relation between monotonic and cyclic loading direction (ασ,m and 
ασ,c respectively). Samples subjected to the pre-cyclic deviatoric stress tend to orientate 
its particle structure in order to offer the best resistance for that specific loading direction. 
A subsequent rotation of the principal stress direction may disturb the sample fabric and 
deteriorate its stiffness.  
(v) The stiffness drops were found to be independent of the cyclic direction alone. Test 
L_M45C22/67 proved that different ασ,c, mismatching the pre-cyclic loading directions 
(ασ,m), produced a similar degradation of their relative initial stiffness measurements.  
(vi) The amplitude of the loading cycles affected the decrease of the small strain stiffness 
during the cyclic loading batches. Larger amplitude led to larger (or maybe quicker) 
decrease of small strain stiffness. Few-cycle batches were applied at very small stress 
amplitude (±2 kPa) and the measured quasi-elastic soil properties did not reach a stable 
value even after the application of 7∙105 cycles (i.e. B31to35 in L_M00C45/90). 
(vii) The decrease in stiffness during small amplitude loading cycles was found to be 
only marginally related to the stress state to which the cyclic loading was applied (qave). 
At a lower deviatoric stress level (qave1) the results showed slightly larger drops of 
stiffness in relations with measurements carried out at the beginning of the stage (2% and 
5% for Ez/Ez,i and Gθz /Gθz,i respectively). 






This thesis aims to provide an experimental contribution to understand and investigate the 
evolution of the quasi-elastic characteristics of sand under the application of a large number of 
cyclic loading, which is typically experienced by the soil surrounding offshore wind turbines. 
Change in soil properties may affect the long-term serviceability state and in turn the design of 
offshore wind turbines. This doctoral research project involved a preliminary FE analysis to 
understand the response and typical stress paths of soil elements around large diameter OWT 
monopile foundations, followed by a comprehensive laboratory investigation designed to 
replicate the typical offshore stress regime on soil elements. The experimental work has been 
carried using a HCTA equipped with a very high-resolution local strain measurement system, 
composed of six non-contact displacement transducers. This system allowed an accurate 
evaluation of the small strain stiffness sample and its evolution during long-term cyclic loading 
has been mapped throughout the experimental tests. Several samples were prepared under 
different anisotropic stress level conditions, and then subjected to a large number of loading cycles 
(up to 6·105).  A summary of conclusions drawn from the work described in earlier chapters is 
provided in the following sections. 
8.2 3-D FINITE ELEMENT MODEL OF A LATERALLY 
LOADED MONOPILE 
The FE analysis was carried out using a three-dimensional model developed with Abaqus/CAE. 
The model was composed of a large diameter single monopile embedded in homogenous sand. 
The analysis was divided into three main stages: initial geostatic conditions, stress equilibrium 
after the pile installation and the application of horizontal (and vertical) static load at the seabed 
level. A number of mesh elements was identified to represent the soil response around the pile.  
Those were organised in grids which gathered elements at a varied distance from the pile shaft, 
depth from the seabed and angle from the direction of the horizontal load. Due to the complexity 
of the 6-components stress matrixes, the stress paths of each soil element were determined using 
a set of invariant angles which identify any of the three-dimensional rotations of the principal 
stress axes occurring during the analysis. 
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In conclusion, most of the mesh elements, within soil domain in the proximity of the pile shaft, 
experienced one or more rotations of principal stress directions due to the imposed combination 
of loadings acting on the monopile. One rotation of two of the principal stress axes implied the 
development of only 4 out of 6 components of the stress matrix (3 principal stresses plus 1 
tangential stress). These conditions can be replicated in the laboratory using advance soil testing 
apparatus, like the HCTA, which possesses the capability to impose multi-directional loading 
conditions on the sample and replicate more accurately the real site conditions (Arshad & 
O’Kelly, 2016; Sim et al., 2013).  
The numerical investigation was fundamental in the determination of the strategy to adopt for the 
experimental campaign of tests. One of the most common stress path observed for soil element in 
front of the pile (i.e. opposite the lateral load direction) has been eventually included in the testing 
programme. 
8.3 EXPERIMENTAL INVESTIGATION 
 Laboratory set up and small strain measurement system 
The HCTA can mimic the generic multi-axial conditions observed on the finite element model, 
thanks to an independent control of the magnitude and directions of the major and minor principal 
stresses. This advance soil testing apparatus was suitable to simulate the stress build-up and 
relaxation stages imposed during the monopile installation and reproduce the loading conditions 
induced by the cyclic lateral load acting on top. 
Employing a high-resolution strain measurement system allowed to measure very fine strains of 
the sample (10-4 to 10-5 %) and evaluate accurately its small strain stiffness at regular intervals 
during the cyclic loading stage. A complex technical solution permitted the independent re-
position of the sensors from outside the confining cell so that the soil stiffness could be measured 
at different average stress (or strain) levels.  
Vertical, circumferential and radial strains of the sample could be accurately measured to obtain 
accurate estimation of Young’s and Shear moduli at very small strain levels. It was demonstrated 
that the evaluation of the sample stiffness through conventional external measurement system led 
to inaccuracy in the estimation of the soil stiffness. Measuring strains locally prevent the 
accumulation of systematic errors due to the bedding at the end platens and the effect of 
compliance in the apparatus (Jardine et al. 1984; Hoque & Tatsuoka 2004). 
A comprehensive calibration demonstrated the linearity, stability and resolution of the small strain 
measurement system. A specific study was carried out to test the response of the non-contact 




sensors to the roughness of the target. A set of calibrations was performed against smooth (i.e. 
regular aluminium plate) and ‘rough’ surfaces (i.e. aluminium foil on top of sand grains), 
including a study on the presence of the membrane. Overall the performance of the sensors was 
found not influenced by the tested conditions confirming findings on the same type of transducers 
from Ibraim (1993).  
 Sample preparation, testing procedure and strategy 
Hollow cylinder samples were prepared using a dry deposition with zero fall height with the 
application of a light vertical vibration. The technique was found suited to achieve the dimensions 
recommended by Sayão & Vaid (1991) in order to minimise the effect of stress and strain non-
uniformities.  
The testing plan was designed to capture the pre-cyclic and multiaxial cyclic loading conditions 
of single elements of soil positioned adjacent to pile shafts. A standard testing procedure was 
defined in order to produce similar stress paths allowing the comparison between tests. The 
procedure included an initial isotropic consolidation followed by a monotonic load to the desired 
stress state (qave1, qave2 or qave3). The deviatoric stress level was held constant for few hours to 
bring the creep strains down to negligible. At the investigation points, few successive small load-
unload were performed to evaluate the stress-strain relationship and calculate the Young’s and 
Shear moduli. The evolution of elastic properties was monitored throughout the cyclic loading 
every few tens of thousands of cycles for each stress level imposed.  
The experimental research was split into two main sections, called ‘Phase 1’ and ‘Phase 2’, the 
findings are summarised in the next two sections. 
 ‘Phase 1’: a short-term investigation 
‘Phase 1’ consisted in a series of drained tests which involved the application of a few thousand 
compression/extension and torsional cycles of a small amplitude, through a set of pre-cyclic stress 
levels imposed in two different loading directions (ασ,m = 0/90° and 45°). The main cyclic features 
such as amplitude, frequency and the number of the cycles were kept constant throughout this 
phase of the experimental programme. The quasi-elastic properties of the Hostun sand were 
measured at investigation points and monitored with the evolution of the stress state using the 
local strain measurement system. The main findings from the ‘Phase 1’ of the experimental 
research are: 
(i) The measurements of Young’s moduli were found to increase with the increase of the 
applied vertical stress following a power of law. Shear moduli were found dependent on 
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the effective circumferential and vertical stresses and the relation was also defined with 
a power law function. The exponents of the functions were found in line with the ones 
observed in the literature which demonstrated that the strain measurement system 
provided a reliable estimation of the quasi-elastic properties of the material.   
(ii) A void ratio function was used to account for void ratio changes on the small strains 
measurements along the stress path and also to compare the results among different 
specimens. However, only small volumetric variations were recorded and the correction 
on the Young’s and shear moduli based on the void radio function was found below 1% 
of the original uncorrected value. 
(iii) The presence of creep deformation may affect the small strains measurements at the 
investigations points which, in turns, may lead to inaccuracy in the estimation of the 
quasi-elastic moduli. This explained few unusual changes in the sample stiffness, 
especially at the isotropic state as the creep strains may develop at a slower rate (Bowman 
& Soga 2003). It was decided to wait larger resting time before the application of the 
cyclic loading in the second phase of testing in order to reduce the creep deformation to 
the minimum and to ensure an accurate evaluation of the elastic properties of the material 
at the selected investigation points. 
(iv) The samples essentially conserve their stiffness during the application of the cyclic 
loading given the small amplitude of the cycles involved (±5 kPa). Only marginal 
variations of the small strain stiffness were observed if compared with the variations 
related to the changes of the pre-cycle stress level. The cyclic loading batches of about 
3000 cycles were insufficient to trigger any variation in the sample stiffness. However, 
as discussed above, some trends may have been obscured by the occurrence of creep 
deformation during cycling, which was not exhausted in all the performed tests. A long-
term cycling (much higher number of cycles) after full exhaustion of creep deformation 
was required to appropriately investigate any potential fatigue damage or strain 
accumulation and simulate more accurately the long-term working condition of offshore 
structures.  
 ‘Phase 2’: a long-term investigation 
The second series of tests ‘Phase 2’ investigated the effect of large numbers of cyclic loading. 
The testing strategy was focused on the features which were thought to affect the long-term 
response of the granular soils and it was designed based on the outcome of the numerical analysis 
and the observation gathered from the first phase of testing. Four samples were tested varying 
both monotonic and cyclic loading in terms of amplitude and direction. This allowed to obtain a 




complete the characterization of the small strain behaviour of the Hostun sand under cyclic 
loading. Each test lasted for a long time (from about one to 10 months) during which the small 
strain stiffness was checked at regular intervals. Disruptions of the hydraulic supply were 
inevitable when performing tests for such extended periods. Those resulted in a large single cycle 
which consisted in the unload to the isotropic stage followed by a reload to the stress state 
experienced prior the interruption. This type of loading may be seen an irregular large cycle which 
can happen in the offshore environment where the amplitude of the cycles changes frequently due 
to the randomness of the events (i.e. rough see, freak waves, cross sea, wind wave misalignment, 
wind turbulence). 
These unload-reload loops were unexpected however they revealed some important information 
regarding the behaviour of the granular material: 
(i) The unloading-reloading cycle, associated with the interruption of the loading system, 
led to a slight progressive stiffening of the sample. The effect has been observed 
throughout the ‘Phase 2’ and it was not related to any significant change in the volume. 
The large unloading and reloading may produce a change in the sample microstructure 
which could not be detected with the instrumentation used. 
(ii) A decreasing trend in stiffness was observed within each cyclic loading stage. A stabilised 
value of stiffness was reached after the application of first 1.5-2·104 cyclic loading. This 
plateau did not seem to change as the tests proceeded. The magnitude of the drops reached 
up to 20% of the initial stiffness measurements. Care should be taken in choosing of small 
strain stiffness as a criterion for geotechnical design of OWT foundations. The initial 
sample stiffening, related to the application of the single large unload-reload cycle, may 
represent an overestimation of the soil stiffness as it disappeared with the application of 
the first 1.5-2·104 small amplitude cyclic loads. 
(iii) The size of the stiffness drop was found influenced by the relation between the monotonic 
and cyclic loading direction (ασ,m and ασ,c respectively). When the loading directions 
matched (ασ,m = ασ,c) the change in stiffness was marginal in comparison to the ασ,m ≠ ασ,c 
case. The reason of this behaviour may be related to the microstructure of the soil matrix: 
during the application of the pre-cyclic deviatoric stress, the sample fabric changed in 
order to offer the best resistance along the specific loading direction. A rotation of the 
principal stress direction due to the successive application of small loading cycles may 
cause a geometric rearrangement of the sample particles.  
(iv) The cyclic amplitude was also found to influence the size of the stiffness drop. The largest 
torsional cycles reported the largest difference from the initial values of stiffness. Samples 
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subjected to the smallest amplitude in the range (±2kPa) did not seem to reach the plateau 
of stable Young’s and shear moduli despite the application of over 7∙105 cycles. 
 
8.4 FUTURE RESEARCH 
 General overview 
The experimental investigation on the evolution of the quasi-elastic properties of granular soils 
surrounding OWT foundations is at a relatively early stage. However, the wind energy industry 
is growing globally, and more research is required to keep up with these trends. 
Additionally, as the expertise improves, the price of material and technology drops as well as the 
cost of the manufacturing process (mass-fabrication). The improvement in cost-competitiveness 
means that more megawatts can be installed for the same price. Future designs are likely to 
consider more powerful turbines based on larger monopiles (diameter >10m) in order to reach 
steadier and stronger winds in deeper water (Byron W Byrne et al. 2015). 
However, larger turbines represent a new technical challenge regarding the feasibility of the 
monopile foundation, particularly as wave action will increasingly interfere with the dynamics of 
the turbine structure (Kallehave et al. 2015). 
Now more than ever it is very important to clarify the unanswered questions raised by many 
authors (Bhattacharya et al. 2011; Achmus et al. 2009; Lombardi et al. 2013; Leblanc et al. 2010; 
Carswell et al. 2016; Doherty & Gavin 2012; Arshad & O’Kelly 2016; among others): what is the 
long-term performance of the soil foundation around a monopile? Offshore wind turbines 
foundations, in their lifetime, will be subjected to millions of cyclic loading, therefore, a better 
understanding of the risk involved in terms of structural serviceability and fatigue life is 
fundamental. Much more is required to account for the long-term action of environmental and 
operational loads on these geotechnical structures and, potentially set new design standards. 
 Numerical modelling 
This study has provided an initial overview for the stress path experienced by soil elements nearby 
an offshore monopile foundation subjected to lateral loading. Such assessment has provided some 
important guidance for the performance of the laboratory tests in the HCTA. However, the 
predicted stress paths are somehow dependent on the constitutive model adopted for the soil. 
Therefore, such assessment may be improved by adopting more complex constitutive soil models 
such as the Severn-Trent sand model (Gajo & Wood 1999) or the Sanisand model (Taiebat & 




Dafalias 2007). Under such conditions, it would also be interesting to investigate the changes of 
stress path during long-term cyclic loading, which may be associated to local densification or 
loosening of the granular soil and the subsequent rearrangement of normal and shear stresses. In 
this context, the memory surface hardening model recently developed at Bristol (Corti et al. 2016) 
would also offer a reliable estimation of plastic strain accumulation during long-term cyclic 
loading and could possibly offer an accurate and reliable estimation of the soil-pile system 
response.  
 Advanced soil element testing  
The loading regime produced by wind, wave, rotor frequency and tower shielding effect is very 
complex by nature. The combination of these is likely to produce complicated stress paths on the 
stress element and the use of advanced laboratory soil element testing is essential.  
The next testing programme should include a more complete set of influencing variables in its 
agenda, such as wider range of pre-cycle stress directions and cyclic loading directions. This study 
identified the correlation between the two, however, more combinations of ασ,c and ασ,c need to be 
further tested in order to assess the anisotropic response of granular material to a wider range of 
loading directions. In particular, the application of non-symmetric cyclic loading should be 
included in future research applications as it simulates closely the condition occurring in the 
offshore environment. Similarly, change in loading direction should be applied during the cyclic 
shearing. This may help to understand the effect of misalignment between wind and wave 
direction which are also likely in the in-situ foundation.  
The laboratory investigation in the soil element should also include the application of irregular 
cycles accounting for the randomness of wind and wave load intensity. For example, during 
storms, the foundation will be subjected to a sequence of irregular cycles distributed randomly 
with time due to rough sea. These conditions are common at the North Sea, however, rarely 
applied in laboratory investigations (Wichtmann & Triantafyllidis 2017). 
In geotechnical engineering practise, intricate advanced soil testing apparatus result expensive 
because complicated and time consuming. The designer usually suggests alternative testing 
equipment that can replicate easier loading conditions in order to investigate single loading effect 
independently. For example, interface ring shear test are commonly employed to study pile 
installation effects, as well as cyclic triaxial and cyclic simple shear tests are used to simulate the 
stress paths evolving around the pile shaft.  




This project intended to shed some light on the occurrence of changes of quasi-elastic soil stiffness 
under a very high number of multiaxial small amplitude loading cycles, which are typically 
experienced by offshore monopile foundations. Despite the challenges in applying a very high 
number of cycles (up to half million) without any interruption, the project has provided some 
evidence that changes of elastic soil properties can take place, especially when rotations of 
principal stress axis are involved. Due to the length and complexity of each experimental test, the 
proposed results can not provide an exhaustive characterisation of the phenomenon but they 
indeed supply solid evidence and good direction for future studies. Therefore, it is hoped that 
outcome of this research combined with the findings of further studies will be beneficial for the 
long-term design of offshore foundation systems with the possible outcome to increase their 
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